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meandering of the Subarctic Convergence in the central Labrador Sea
throughout the three exercise phases. Sound velocity profiles throughout
the exercise area were extreely complex and variable, particularly in the
central Labrador Sea an% Vst south of Davis Strait. At one station astride
the Subarctic Convergence, the sound velocity at the deep sound channel (DSC)
axis varied by 9.5 m/sec over less than 48 hours. In the intense transition
zone south of Davis Strait, this parameter varied by 20.9 m/sec over a
distance of 155 nm. The depth of the DSC axis was much less variable than
Lne sound velocity at the axis in both regions. Temporal and spatial
variability appear to be equally significant as controls over DSC structure
throughout the exercise area.

-'> I

UNCLASSIFIED
%$C•RA.Y CLAWFICl) O FTull PAOM6tPe 9^44000



it

UNCLASSIFIED

ACKNOWLEDGMENTS

The authors wish to acknowledge the analytical aid of Robert L,
Barrett, Undersea Surveillance Center, NAVOCEANO for reducing most of
the sound velocity data used in this report, and that of Reuben J. Busch
for providing several bathymetric cross sections.

This report was edited and reviewed by Robert L. Martin, NavalUnderwater Systems Center and Budd B. Adams, Naval Research Laboratory.

The illustrations were prepared by Joanne V. Lackie, Visual
Information Support Group, NAVOCEANO. Judy A. Albrittain is thanked
for typing this manoiscript.

iiii UNCLASSIFIED



UNCLASSIFIED

CONTENTS

Page

ABSTRACT ........... ........................... .

ACKNOWLEDGMENTS ........ ..... ..... ..... ... ..... i i. i

FIGURES ........ ........................... ... vi

TABLES ........ ............................ .. viii

INTRODUCTION ........... ......................... 1

DEFINITIONS ....... ......................... . l...

DISCUSSION OF ENVIRONMENTAL DATA ...... ............... 2

A. Data Availability ........ .................. 2
B. Treatment of Data ........ .................. 5
C. Relative Data Accuracy ....... ................ 5

OCEANOGRAPHIC OVERVIEW OF NORLANT-72 AREA ..... .......... 7

SOUND VELOCITY STRUCTURE OF PRIMARY OPAREA .............. 12

A. General Oceanography ...... ................. 12
B. Variability of Sound Velocity at Station A. ...... 21
C. Variability of Sound Velocity at Station 0...... 24
0. Variability of Sound Velocity at Station D ...... .. 29
E. -ound Velocity Structure from Station B to

-tation A to Grand Banks ................. 32
F. Sunmary of Sound Velocity Structure Near Staticns A

and 8 42........................4

SOUND VELOCITY STRUCTURE NORTHEAST OF PRI;-ARY OPAREA..... 44

A. General Oceanography. ...................... 4
B. Sound Velocity Structure Between Stat'on B and

Oenma rk Strait. .................... 46

SOUND VELOCITY STRUCTURE EAST OF PRI4RRY OPAREA ....... 49

A. General Oceanography. ................. 49
8. Sound Velocity Structure Between Station B and

Reykjanes Ridge ...... ................... .. 51

i "•" -'. ' '• "

U •UNCLASSIFIED



UNCLASSIFIED

CONTENTS (cont'd)

Page

SOUND VELOCITY STRUCTURE NORTHWEST OF PRIMARY OPAREA ..... .. 58

A. General Oceanography ..................... ... 58
"B. Variability of Sound Velocity at Station E ...... .. 67
C. Variability of Sound Velocity at Station Q-3. 7C
D. Solin.1 Velocity Structure Between Station B and

Carey Islands ........ .................... 74

SUMMARY ........ ........................... .. 86

CONCLUSIONS ................................... 92

REFERENCES .......... .......................... 94

DISTRIBUTION LIST ................... 97

FIGURES

1. Comparison of SVP, STD, CTD/SV, and XBT Data ........ 6

2. Generalized Surface Circulation and Index of Sound
Velocity Analyses for NORLANT-72 Phase I ............. 8

3. Generalized Surface Circulation and Index of Sound
Velocity Analyses for NORLANT-72 Phase II .... ........ 9

.. A. Generalized Surface Circ.ulation and Index of Sound
Velocity Analyses for NORLANT-72 Phase 11. .......... 10

48. Generalized Surface Circulation and Index of Sound
Velocity Analyses for NORLAJT-72 Phase 111, Continued
into Baffin Bay ...... ..................... ....

5. Temoeratu-e Pattern at 100 keters Depth Near NORLANT-72
Primary Reference Stations .................... ... 14

6. Ter4perature-Salinity-Sound Velocity Profiles and T-S
Diagram at Station A During Phase III . . . . . . . . . . 16

7. Temperature-Salinity-Sound Velocity Profiles and 1-S
Diagran at Station B During Phase III ............. ... 17

B. TeirFerature-Salinity-Sound Velocity Profiles and T-S
Diagram in North Atlantic Current Gyre During
Phase II 11.. ....... .........................

vi UNCLASSIFIED



UNCLASSIFIED

FIGURES (cont'd)

S• •;Page

9. Historical Sum.iier Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram in Labrador Current North
of Grand Banks. ........ ..... ..... ... ..... ..... 20

10. Variability of Sound Velocity at Station A During
Phase III. .......... ........................ 22

11. Variability of Sound Velocity at Station B During
Phase I and Phase II ....... ................... 25

12. Variability of Sound Velocity at Station D During
Phase I ............ ......................... 30

13. Sound Velocity Structure from Station B to Station A
to Grand Banks During Phase I ...... .............. 34

14. Sound Velocity Structure from Station B to Station A
to Grand Banks During Phase II. .............. 36

15. Sound Velocity Structure from Station 8 to Station A
to Gratrd Banks During Phase 111 ............. 39

16. Historical Sumner Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram in Irminger Sea. ......... 45

Sound Velocity Struczu, e Between Station B and Denmark
it iuring Phase I .................. 47

18. Historical Sumner Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram Over Reykjanes Ridge ......... 5G

19. Sound Velocity Structure Between Station B and
Reykjanes Ridge During Pi.ase I. ... .............. .. 52

20. Sound Velocity Structure 8etween Station 8 and
Reykjanes Ridge During Phase II ................ 55

21. T~etrature-Salinity-Sound Velocity Profiles and T-S
Diagram in Central Labrador Sea (Edge of Labrador
Current) During Phase III ..... ................ 60

22. Historical Su ter Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram in West Greenland Current
(Uorthern Labrador Sea) ................. 61

vii UNCLASSIFIED



UNCLASSIFIED

FIGURES (cont'd)

Page

23. Historical Summer Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram in Davis Strait ............. 62

24. Historical Summer Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram in Central Baffin Bay ...... .. 64

25. Historical Summer Temperature-Salinity-Sound Velocity
Profiles and T-S Diagram South of Carey Islands,
Baffin Bay ....... ........................ ... 66

26. Variability of Sound Velocity at Station E During
Phase III.. ............ ..... ... ..... ..... ... 68

27. Variability of Sound Velocity at Station Q-3 During
Phase III. ......... ........................ 71

28. Sound Velocity Structure Between Station B and Carey
Islands, Baffin Bay >,ring Phase III ..... ........... 75

TABLES

I. Suwaary of NORLANT-72 Oceanographic Data ............. 3

1I. USNS SANDS STD, CTD!SV, and SVP Observations ....... .

III. Identification of Observations Used in Phase IT! Iive
Series Study at Station A ....... ................ 23

IV. Identification of Observations Used in Phase I and
Phase II Time Series Studies at Station B ............ 26

V. Identification of Observations Used in Phase I Time
Series Study at Station 0 ........ ................ 31

•vl. Identification of Observations Used in Station B to
Station A to Grand Banks Cross Section (Phase I) ..... . 35

VII. Identification of Observatiot-s Used in Station B to
Station A to Grand Banks Cross Section (Phase II) .... 37

VIII. Identification of Observations Used in Station B to
Station A te Grand Banks Cross Section (Phase I11). . .. 40

•Uvih- CULCLASSI F IED



UNCLASSIFIED

TABLES (cont'd)

Page

IX. Identification of Observatiors Used in Station B to
Denmark Strait Cross Section (Phase I) .............. 48

"X. Identification of Observations Used in Station B to
Reykjanes Ridge Cross Section (Phase I) .... ......... 53

XI. Identification of Observations Used in Station B to
Reykjanes Ridge Cross Section (Phase II) ............ 56

XII. Identification of Observations Used in Phase III Time
Series Study at Station E ...... ................ 69

XIII. Identification of Observations Used in Phase IIl Time
Series Study at Station Q-3 ...... ............... 72

XIV. Identification of Observations Used in Station B to
Carey Islands Cross Section (Phase III) .... ......... 78

XV. Suirruary of Sound Velocity Profile Statistics Between
3LOaI'.7II 10 aim 1gve ~ .. .. .. .. .. .. .. 80

"x ~N-CLASSIF:ED



CONFIDENTIAL

INTRODUCTION

Thi eý ,AKLN E. - xercise was conducted from July tnrugh
September 1972 in the western North Atlantic Ocean north of 45ON
in a region including the Labrador Sea, Irminger Sea, and Baffin
Bay. The following ships took part in the exercise:

* USNS SANDS (T-AGOR-6),

.•USNS HAYES (T-AGOR-16),

* USNS LYNCH (T-AGOR-7),

- R/V PIERCE,

e R/V LANGEVIN, and

e CFAV QUEST.

Oceanographic data were collected from SANDS, HAYES, and LANGEVIN
and from various aircraft for use in determining environmental
effects on acoustic propagation. A preliminary analysis of the
sound velocity structure of the exercise area was given by Fenner
and Bucca (1972) based on a very limited number of data points.
This report suppiements the preliminary NORLANT-72 sound velocity
analyses and includes additional sound velocity/temperature-salinity
(T-S) comparisons, making use of 177 additional observations.

DEFINITIONS

(i} For purposes of tiiis report, the depth of the deep sound
channel (DSC) axis is defined as the depth of the absolute sound
velocity minimi.. Critical depth is defined as that depth where
the maximum sound velocity at the surface or in the mixed layer
recurs, and as such demarcates the bottom of the DSC. Depth
excess is defined as the interval between critical depth and the
sceafloor and is ne,.essary for convergence zone propagation froA a
near-surface source. All depths are given in ieters (m), all
distance% in nautical miles (nm) and all sound velocities in
reter, per second (W/sec). All bottom depths have been corrected
for variations frlrm a standard sound velocity of 1500 WIsec using
the depth correction tables of Matthevs (1939). Sound velocity data
presented in this report have not been extended below the raxipk•m
depth of observed data owing to expected data variability throughout
the exercise area.

I CCNFVIDENT!ALL
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(Ujr The; 11 LANT=72 Ex-rcise was divided into the following three
phasci:

9 Phase 1: 15-41.9 July 1972,

*Phase 1I: 30 July-18 August 1972, and

*Phase 111: 22 August-19 September 1972.

These three phases oceanographically correspond to early, middle,
and late sunwnr.

DISCUSSION OF ENVIRONMENTAL DATA

A. Data Availability

(U) Table I sunnalrize:s the oceanographic data collected
dwrin- NORLANT-72 by phase, platform, and the fol~owing categories:

a Expendable bathytheringraphs (XBTs), including
Sippican Model T-5 probes (1830 mi) and T-7 probes (760 mi),

330J-c AK/SSQ-36 airborne expendable bathytheewgraphs

*Salinity-temperature-depth (STD) profiles.

# Conducl~ivity-ter~erature-Iepth-sound vielocity (CTD/SV)
profiles,

* Sound velocia~ter profiles ($V~s). and

o Sea surface tezperature (SST) observations.

In addition, cu~rrent s~ter measurements were obtained at one location
throughout the exercise by the %ava1 Oceanographic Office (I V A~vi
The locations ijf these various observations are shown in figures 3
thrioqh 5 of Fenner and Duct& (197Ž). Table I1 gives t"e location
and p-xie-um depth of TSM. CT'l/SVsý. and SVPs taken by SANDS during
all thm-e jhases.

(Cgost oceanographic atse-vations 4colliicted during
NLi-72 were ei ther i5T's or A*QTs . Many of thewe observations were

taker within a five-degree square between 50'-SS*N and 4,4-'49"W, in
the vicinity of the four prir-ary vvfereQnce stations (stations A, U.
C. and D). lto;ever. dur' - Phase , 6T end AX8T observations were
taken by SAYS.5 RAYES, and variou, aircraft squadrons to the n~rth
and east of the priftry opVeratinj, amea (CPAEA. ring Phs 11,
PAYES took a line of Y07s be.'wtem the primary GPPAREA arid the Re:Ajaoes
Rid4-e. Wuring Phase Ill. 011E7 a-4~ ýAUDS took a line of XBTs Into

Baffin Bay.&4
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T-5 T-7
XBT XBT AXBT STD CTD/SV SVP SST

PHASE I (15-29 July)

SANDS 4 41 -0- 2 4 (2)
HAYES i1 33 -0- -0- -0- -0-
LYNCH -0- -0- -0- -0- -0- -0-
VXN-8 - - 51 - - - -

VP-24 - 68

PHASE II (30 July-18 August)

SANDS 17 29 - 3 -0- 5 (2)
HAYES 2 7 - -0- -0- -0- -0-
LANGEVIN 8 -0- - -0- -0- -0- -0-
PIERCE -0- -0- - -0- -0- -0- -0-
VP-405 - - 23 - - - -

PHASE III (22 August-19 September)

SANDS 5 40 - -0- 4 1 (2)
QUEST -0- 64 - -0- -0- -0- -0-
VP-405 - - 12 - - -

POST PHASE III (18-20 October)

LYNCH -0- -0- -0- -0- -0- -0-

TOTALS 52 214 154 6 10 -

Notes: e (2) indicates observation every 2 hours
- indicates not applicable

TABLE I. SUMMARY OF NORLANT-72 OCEANOGRAPHIC DATA (U)

3 •ONFIDENTIAL(This page UNCLASSIFIED)
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STATION DATE TIME LAT LONG MAXIMUM
NUMBER (1972) (GMT)- PHASE (N) (W) DEPTH (m)

CTD/SV 1 17 Jul 1530 I 52000' 440441 1008

CTD/SV 2 18 Jul 2255 1 530551 44050' 649

SVP 1 19 Jul 1800 I 53055' 44049' 2772

SVP 2 20 Jul 2114 I 550481 430231 3087

SSVP 3 22 Jul 0330 I 580421 380251 29`5

SVP 4 24 Jul 0200 I 550501 340011 1403

SVP 5 31 Jul 020. II 530591 440511 3234

STO 1 31 Jul 0500 II 540021 44056' 1498

STD 2 1 Aug 2100 II 51056' 45010' 1513

SVP 6 2 Aug 0015 !i 51052' 45014' 3602

SVP 7 2 Aug 2034 II 52058' 44048' 3619

STD 3 3 Aug 0025 II 52057' 44051' 1490

SVP 8 12 Aug 1545 II 53048' 45000' 3577

SVP 9 17 Aug 1100 II 52000' 45000' 3367

STD/SV 3 24 Aug 2315 III 50056' 42012' 2958

CTD/SV 4 30 Aug 0615 III 57004' 51057' 2995

* .CTD/SV 5 31 Aug 2115 Il1 53058' 44046' 2972

CTO/SV 6 3 Sep 1800 I11 51059' 440501 2970

SVP 10 4 Sep 0200 I1l 52000' 44057' 3700

Notes: @ Upcasts and downcasts available for STDs and SVPs, downcasts
only available for CTD/SVs

9 Tims and positions are for downcasts in all cases

TABLE II. USNS SANDS STD, CTD/SV, AND SVP OBSERVATIONS (U)

4 CONFIDENTIAL
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B. Treatment of Data

(U) Most sound velocity data presented in this report were
calculated from XBT or AXBT temperature traces and historical salinity
values using the equation of Wilson (1960). In all, 163 XBT or AXBT
traces were converted into sound velocity profiles. Salinity
correction factors for use in Wilson's equation were determined at
10-m depth increments in all cases. ihe XB; or AXBT traces were
machine digitized at 1O- to 15-m depth increments. Therefore, the
salinity correction factor lying ut the depth closest to the given
temperature point was used in calculating the sound velocity for
that point. Only three salinity profiles collected during the
exercise were used in the calculation of sound velocities, one at
station A, one at station B, and one midway between these stations.
The remainder of the salinity profiles used in the sound velocity
calculitions were taken from historical sumnmer data.

C. Relatie Accuracy

(U) Six different instrument types were used to collect
environmental data during NORLANT-72: SVPs, STDs, CTO/SVs, T-5
XBTs. T-7 XbTs, and AXBTs. Only two of these, the SVP and CTD/SV,
measure sound velocity directly. Both systems have an accuracy of
±0.3 m/sec. In addition, the SVP system has a maximum resolution
of ±0.3 m/sec at the lowering rates used in NORLANT-72. The STD

k system has a temperature accuracy of ±0.02*C, and a salinity
dccuracy of ±0.02*/o., ]ead~nq to an overall calculated sound
velocity accuracy of ±0.2 m/sec, disregarding any inaccuracies in

C: Wilson's equation. The T-5 and T-7 XBTs have a temperature
accuracy of about ±O.020 C, which result° in a calculated sound
velocity accuracy of about ±0.7 m/sec, assuming that historical
salinities are correct and that there are no inaccuracies in Wilson's
equation. Finally, the AXBTs have a temperature accuracy of tO.3°C
-(0.5'), which results in a minimum calculated sound velocity
accuracy of about .1.2 m/sec. Ouring NORLANT-72, SANDS STD and SVP
upcasts ard downcasts were equally valid in terms of accuracy and
repeatability.

(U) Figure I shows a comparison of sound velocities derived
from data measured by various systems at approximately the same time
and location. There is generally good agreement bEtween the various
measurement systems considering the wide variability in system
accuracies and the large-scale oceanographic variability encountered
in the NORLANT-72 area (Fenner and Bucca, 1972). Sound velocities
below the DSC axis calculated from XBTs appear '.o be 0.5 to 1.0 m/sec
higher than sound velocities calculated from STD data or sound
velocities measured by an SVP or CTD/SV system for the three positions

CONFIDENTTAL(TIis oage UNCLASSIFIED)Z.
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analyzed. This is not due to a salinity error, since an identical
salinity was used to calculate sound velocities for both the STD and
XBT shown in figure !A and a second identical salinity was used for
those in figure lB. The higher XBT sound velocities may be due partially
to an error in Wilson's equation, as originally suggested by Carnvale,
et al. (1968).

(U) The extreme variability between the sound velocity profile
calculated using SANDS XBT 62 and the other two profilers shown in
figure lB is perfectly possible, since all three observations lay
astride the Subarctic Convergence during Phase II. Temperature
variations of 0.5 0 C across distances of less than 10 nm are common
along the Subarctic Convergence, particularly at depths between 200
and 400 m. A 0.5°C variation in temperature can produce a sound
velocity variation in excess of 2.0 m/sec in the 40 to 60C temperature
range (NAVOCEANO, 1962). Physically, the XBT-derived sound velocity
profile shown in figure IB probably is the result of an intrusion of
warmer North Atlantic Central Water under the Subarctic Convergence.

OCEANOGRAPHIC OVERVIEW OF NORLANT-72 AREA

(U) As previously stated by the authors (Fenner and Bucca, 1972),

the NORLANT-72 area is "one of the most complex oceanographic regions
found in the North Atlantic Ocean". Figures 2, 3, and 4A show a
generalized picture of surface circulation in the exercise area during
Phases I, II, and III, respectively. Figure 4B shows the general
surface circulation of Davis Strait and Baffin Bay (Phase III, only).
Figures 2, 3, and 4A also show the position of the Subarctic Convergence
during each of the three phases of the exercise.

(U) The Subarctic Convergence can be considered as the oceanographic
boundary (front) between the cold, dilute circulation of the Labrador
Current and the warmer, more saline circulation of the North Atlantic
Current (an offshoot of the Gulf Stream). The position of this feature
as shown in figures 2, 3, and 4A is based on temperature contours at a
depth of 100 m since this front often is masked at the surface by
sunvier insolation. The position of the Subarctic Convergence varied
between the three phases of NORLANT-72, particularly in the region
where it separates the warm-water circulation of a semipermanent
North Atlantic Current gyre from the colder circulation of the Labrador
Sea gyre. However, if equal artounts of data were available farther to
the north, the Subarctic Convergence probably would be equally variable
in shape along its entire extent. This front can extend to depths
greater than 1000 m off Grand Banks (Fenner and Bucca, 1971), and
probably extends to maximum depths of atout 500 m ir the exercise area.
Sound velocity profiles astrid. or on opposite sides of the Subarctic
Convergence can display substantial variations over relatively small
distances or time periods (figire IB).

7 CONFIDENTIAL
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(U) Farther to the north, the Polar Front separates the cold,
dilute waters of the East Greenland Current from the warmer, more
saline waters of the Irminger Current (an offshoot of the North
Atlantic Current). Since the Subarctic Convergence does not close
with the Polar Front during summer months (Nunn, 1968), warmer, more
saline waters of the Irminger Current turn to the south in the
Irminger Sea and eventually round the southern tip of Greenland to
form the West Greenland Current. This current is warmer and more
saline than the Labrador Sea gyre, and hence causes higher sound
velocities in the upper 1000 m of the water column. The West
Greenland Current is apparent as a subsurface flow well into Baffin
Bay. This intrusion of Atlantic waters into Baffin Bay also has
pronounced effects on sound velocity structure.

(C) Figures 2, 3, 4A, and 4B also are indices of the various
sound velocity analyses contained in this report (cross sections and
time series analyses). In addition, these figures show the locations
of T-S/sound velocity comparisons, salinity profiles used in calculating
sound velocities from XBT traces, and various Ocean Weather Stations (OWS)
found in the NORLANT-72 exercise area. Since the exercise area is so
diverse oceanographically, the various sound velocity analyses will be
discussed as follows:

a Sound velocity structure of the primary OPAREA,

- Sound velocity structure between station B and Denmark
Strait (northeast of primary OPAREA),

a Sound velocity structure between station B and the
Reykjanes Ridge (east of primary OPAREA), and

* Sound velocity structure between station B and the
Carey Islands, Baffin Bay (northwest of primary OPAREA).

Each of these sectior,s is proceeded by a short discussion of the general
oceanography for the region involved making use of T-S/sound velocity
comparisons. Direct comparison of sound velocity structures between
the NORLANT-72 phases is possible only for station B, for the tracks
southwest of station B, and for the tracks between station B and the
Reykjanes Ridge.

SOUNC VELOCITY STRUCTURE-OF PRIMARY OPAREA

A. General Oceanography

(C) The primary OPARFA for the NORLANT-72 Exercise was a five-
degree square between 50-55N and 44°-49gW. This area contained the
four primary reference stations (stations A, B, C, and D) and is outlined
in figures 2, 3, and 4A. The primzry OPAREA was dominated by the

12 COfNFIDENTIAL
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meandering Subarctic Convergence during all three phases of the exercise.
Figure 5 shows temperature contours at a depth of 100 P, for the primary
OPAREA and the position of the Subarctic Convergence for each of the
three exercise phases. The Subarctic Convergence occurred between
the 50 and 6VC isolines at a depth of 100 m based on a rigorous
inspection of NORLANT-72 XBT data. During Phase I of NORLANT-72,
the Subarctic Convergence passed through all four of the primary
reference stations. During Phase II, this front passed through
stations C and 0, but separated station A (warm side of front) from
station B (cold side of front). During Phase III, the Subarctic
Convergence passed through stations A and C, but separated station B
(cold side) from station D (warm side). The meandering nature of
the Subarctic Convergence caused marked changes in sound velocity
structures throughout the primary OPAREA over relatively small
distances and time periods during all three phases of the exercise.

(U) The following T-S/sound velocity comparisons have been
chosen to illustrate the very complex oceanography of the primary
OPAREA:

e Figure 6. located at station A,

. Figure 7, located at station B,

9 Figure 8, located in the North Atlantic Current gyre, and

* Figure 9, located in the Labrador Current north of
Grand Banks.

The data shown in figures 6, 7, and 8 were collected during Phase III
of the exercise. Therefore, figure 6 shows an observation lying just
on the warm side (almost astride) the Subarctic Convergence, while
figure 7 shows in observation lying on the cold side of this front.

(U) Thrie major surface and near-surface water masses are
found in the pririry OPAREA: very cold, very dilute Labrador Current
Water (LCW); much warmer, much more saline North Atlantic Central
Water (NACW) whicn is carried by the North Atlantic Current; and a
water mass with intermediate characterist'c.s called Atlantic &ubarctic
Water (ASaW) (Sverdirup, et al., 1942). Within the North Atlantic
Current, NACW is found between depths of about 200 and 1600 m. Within
the Labrador Current, LCW is found bettw-een the surf ace and abo.ut
1000 to 1200 m depth. However, ASaW is a surface water mass that can
overlie either NACW or LCW in the rejion on either side of the
Subarctic Convergence. All of these witer masses intermix at various
depths along the Subarctic Convergencp, leading to very con•licated
T-S relationships and equally coiplex and spurious sound velocity
structures.

13 CONF I DENT !AL
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(U) The primary OPAREA also is influenced by Arctic Intermediate
Water (AIW) that probably is formed north and west of the Subarctic
Convergence by sinlirg nf ASaW. To the south and east of the Subarctic
Convergence, AIW is characterized by a salinity minimum at depths
between about 8nO and 1800 m (Bubnov, 19CM). However, this water mass
does not profoundly affect sound velocity struw.-,%es.

(U) At greater depths, the entire NorLh Atlattic Ocean is
occupied by North At!.-ntic Deep and Bottom Water. This water mass
generally leads to a predictable positive sound velocity gradient
below depths cf 2000 to 2500 m. However, in the primary OPAREA, cold,
dilute Nor;egian Sea Overflow Water (NSOW) can cause a gradient
change in the deep profile (lower velocities near the bottom). The
effccts of NSOW on near-bottom sound velocities has been studied in
detail in the Irminger Sea by Guthrie (1964).

(U) At station A (figure 6), ASaW overlies an intrusion of
NACW between 260 and 700 m. The DSC axis (260 m) coincides with the
bottom of the ASaW layer, while the NACW intrusion causes a sound
velocity perturbation at 500 m. The two separate AIW cores at 900
and 1300 mn do not result in any appreciable change in the positive
sound velocity gradient below the DSC axis. Below about 2200 m, the
predictable positive sound velocity gradient is altered by NSOW. At
3000 m, the sound velocity is nearly 2.0 m/sec less than thaL found
at station B (figure 7). The irregular sound velocity structure
above the DSC axis at station A is a result of local mixing and
turbulence in the ASaW layer that is corion on the warm side of the
Subarctic Convergence.

(U) At station B (figure 7) ASaW overlies a layer of LCW
betieen 160 and 300 m. Below BOO m depth, no AIW cof-'s are observable
in the NACW layer, indicating that AIW maý be in the process of formation
north and west of the Subarctic Convergence. The DSC axis (160 m) again
coincides with the bottom of the ASaW layer. Several sound velocity
perturbations are found within the LU layer, one of thee' (at 140 M)
roughly corresponds with the depth of the LCW core. There is no
noticeable change in the deep positive sound velocity gradient due to
NS"~ effjeCtS at5~to . T~he =.I-ireC'-;2, :;-oo thc r) sound velocity
structure above the DSC axis is covm'on in the Labrador Sea gyre. and
is a further indication that this station lay on the coid side of the
Subarctic Convergjence during Phase III of the exercise.
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(U) In the North Atlantic Current gyre (figure 8), the upper
100 m of the water cclumn is dominated by a low-salinity layer (less
than 350o/,) that most likely represents warmed LCW transported across
the Subarctic Convergence. The salinity at 50 m shown in figure 8
corresponds well with the salinity at the depth of the LCW core shown
in figure 9. Low-salinity surface water of apparent Labrador Current
origin has been found during summer as far east as OWS CHARLIE by
Husby (1968). However, this low-salinity lens has only minor effects
on the sound velocity profile. Between 100 and 540 m, the sound
velocity profile is extremely complex owing to mixing of ASaW and
NACW. This mixing is a result of intrusion of NACW into a layer of
ASaW that extends to 540 m. In this layer, repeated sound velocity
maxima apparently correspond to intrusions of NACW, whereas sound
velocity minima correspond approximately to cores of relatively
unmixed ASaW. The DSC axis (350 m') corresponds to the ASaW cell with
the lowest salinity, rather than to the bottom of the ASaW layer.
The two separate AIW cores at 900 and 1300 m have only a slight
effect on the positive sound velocity gradient below the DSC axis.
Below about 2200 m, NSOW has a pronounced effect on the positive
sound velocity gradient. At about 3000 m, the sound velocity is
nearly 2.0 m/sec less than at station A (figure 6) and nearly
4.0 m/sec less than that at station B (figure 7).

(U) In the Labrador Current north of the Grand Banks (figure 9),
LCW occupies the upper 1000 m of the water column. The DSC axis (50 m)
coincides with the LCW core (temperature minimum in a layer of increasing
salinity). The sound velocity gradient change at about 360 m depth is
caused by a temperature maximum at the core of a NACW intrusion into the
Labrador Current. At a depth of 1400 m, the sound velocity shown in

Sfigure 9 is about 2.0 m'/sec less than tnat shown in figures 6, 7 and 8.
This may be due to the preferential flow of NSOW under the Labrador
Current shown by Worthington (1970).

(U) In summary, the overall sound velocity structure of the
primary OPAREA is most complex in the North Atlantic Current gyre
(figure 8), least complicated in the Labrador Current (figure 9), and
of intermediate complexity at stations A and B (figures 6 and 7, re-
spectively). In the upper 2000 m of the water column, the sound
velocity at most depths is greatest in the North Atlantic Current
gyre, least in the Labrador Current, and intermediate at stattions A and
B. Sound velocities during Phase III of NORLANT-72 are generally
greater at station A than at station B, since station B lies on the cold
side of the Subarctic Convergence rather than in the North Atlantic
Current gyre. The effects of NSOW in decreasing near-bottom sound
velocities are more pronounced in the North Atlantic Current gyre
than at station B, indicating a possible NSOW flow under this gyre.
The DSC axis has the greatest depth and sound velocity in the North
Atlantic Current gyre, has the least depth and sound velocity in the
Labrador Current, and is intermediate in terms of both depth and sound
velocity at stations A and B. Generally speaking, sound velocity at

18 CONFIDENTIAL
(This page UNCLASSIFIED)

.. . . . . .. . . . ....... f" 'T"•• •-"••• •' , •••.•-..... -- -.--



UNCLASSISIFED

A 0 0 -.
0~ 0 W

o~ w

403

*( 
w

.0 Z"
-~o'W wYW-w

-0~ o
N .w o jZ

01 Ll0

0 0 z 0' Z
_ _z__._ _ 3Hii~~3 z

Lu-

o o

n ZI

S.~~I 2) <i .AL L.1L Lu~~.~J
0 2 44JI~f)Hid2

U C oSIF D

19l
------------------------------------------- t-.wt-'.--'---- -±-



UNCLASSIFIED

-s-

&.-" i-..hz

Z zO

K z,1<

2 I•I/ I I 1,. ,,,~u

* yF . °

0 •0

~ oid

A. o , F

•...

a 0

-A0 /e

.. 71 0 I--

0o ,o Ai~ ,

2 20



CONFIDENTIAL

the DSC axis is greater than 1472 m/sec in the North Atlantic Current
gyre, less than 1472 m/sec in the Labrador Sea gyre, and between 1440
and 1460 m/sec in the main flow of the Labrador Current.

B. Variability of Sound Velocity at Station A

(C) During Phases I and III of NORLANT-72, station A lay
astride the Subarctic Convergence. During Phase II, this station lay
in the North Atlantic Current gyre (see figure 5). Adequate data
were available during Phase III to analyze the variability of sound
velocity within a 15-nm radius of station A for a 10-hour period
during 3-4 September. Figure 10 shows a time series plot and
contoured presentation of sound velocity data at station A during
Phase I for the upper 2000 m and 1000 m of the water column, re-
spectively. The observations used in figure 10 are identified in
table III. Their locations relative to the average Phase III

A position of the Subarctic Convergence are shown in an insert to
figure 10. Profiles 1, 2, and 5 are in the colder Labrador Sea gyre;
profiles 4 and 6 are in the warmer North Atlantic Current gyre; and
profile 3 lies astride the Subarctic Convergence.

(C) The sound velocity variability shown in figure 10 is a
result of temporal and spatial variability in the environment. The

2 Imaximum depth of the DSC axis (340 m) occurred on profile 4 (warm
side of front), while the maximum sound velocity at the axis (about
1475 m/sec) occurred on profile 3 (astride front). The minimum
depth of the axis (150 m) also occurred on profile 3 (astride front),
whereas the minimum sound velocity at the DSC axis (about 1470 m/sec)
was on profile 5 (cold side of front). Over the 10-hour occupation,
the depth of the DSC axis varied by 190 m, while the sound veloity
at the axis varied by 4.3 in/sec. This is a rather substantial amount
of variation, but is not unexpected in the vicinity of the Subarctic
Convergence. The irregular shapes of the sound velocity isolines shown
in figure 10 are the result of intrusions of various water masses
through the Subarctic Convergence and )ocal turbulence along this
front. During this occupation of station A, the critical depth varied
between 1600 and 1780 in due to changes in near-surface sound velocity.
Since the corrected bottom depth at station A is approximately 4080 m,
there was adequate depth excess during Phase III for convergence zone
propagation from a near-surface source. The following table sumnariz-s
statistics on the maximum sound velocity in the mixed layer (MLV),
dcapth .f the OSC axis (DSCD), sound velocity at the DSC axis (DSCV),
and critical depth (D) for the Phase III occupation of station A:
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RANGE FROM
DATE TIME LAT LONG STATION A

PROFILE OBSERVATION (1972) (GMT) ('N) (0 W) (nm)

1 SANDS CTD/SV 6 (D) 3 Sep 1800 51059' 440501 6

2 SANDS XBT 127 3 Sep 1900 52001' 440491 9

3 SANDS XBT 128 3 Sep 2015 51059' 45000' 1

4 SANDS XBT 129 3 Sep 2230 51059' 45003' 2

5 SANDS XBT 110 4 Sep 0200 52000' 450001 0

6 SANDS XBT 130 4 Sep 0310 52003' 44048' 10

Notes: s Nominal position of station A is 52000'N, 45 000'W
. (D) indicates downcast

TABLE III. IDENTIFICATION OF OBSERVATIONS USED IN PHASE III
TIME SERIES STUDY AT STATION A (U)
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•:": NO. OF
MINIMUM MEAN MAXIMUM RANGE OBS.

MLV 1492.6 1493.7 1494.6 2.0 6
(m/sec)

DSCD 150 220 340 190 6

DSCV 1470.4 1472.4 1474.4 4.3 6
(m/sec)

CD 1660 1730 1780 120 6
(M)

(C) During Phase I of NORLANT-72, variation in sound velocity
structure at station A should be quite similar to that shown in
figure 10, since the Subarctic Convergence passed through station A
during both Phases I and III. The depth and sound velocity of the
DSC axis during Phase I should be similar to those found during
Phase I11. Critical depths during Phase T should be several hundred
meters shallower than those for Phase III because of lower near-
surface temperatures. During Phase II, the sound velocity structure
at station A should be even more complex than that for Phase III,
since the station lay well into the North Atlantic Current gyre. The
depth and velocity of the DSC axis should be greater during Phase II
than during Phase Ill due to higher temperatures expected in the
North Atlantic Current gyre. Critical depths during Phase II should
be a few hundred meters deeper than those shown in figure 10 owing to
higher near-surface temperatures in the gyre. However, convergence
zone propagation from a near-surface source is ensured during all
three phases at station A.

C. Variability of Sound Velocity at Station B

(C) During Phase I of NORLANT-72, station B lay astride the
Subarctic Convergence, while during Phases II and Ill this station lay
just on the cold side of this front in the Labrador Sea gyre (figure 5).
Data were adequate during Phase I to analyze the variability of sound
velocity within a 15-nm radius of station 8 for a 64-hour period
during 17-20 July. During Phase II, a similar analysis was made for
a 60-hour period during 12-15 August. Figure 11 shows a time series
plot and a contoured presenitation of sound velocity data at station B
for both Phases I and II. The time series plots are for the upper
2000 m of the water column and the contoured presentation for the
upper 1000 m of the water column. The observations used in figure 11
are identified in table IV. The locations of these observations
relative to the average Phase I and II positions of the Subarctic
Convergence are shown in an insert to figure 11.
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RANGE FROM
DATE TIME LAT LONG STPTION B

PROFILE OBSERVATION (1972) (GMT) (ON) (0 )(nrn)

1HAYES XBT 7 17 Jul 0800 530531 44059' 7

2 HAYES XBT 8 17 Jul 2009 54004' 45012' 8

3 SANDS XBT 15 18 Jul 1200 530591 45'000' 1

4 SANDS XBT 16 18 Jul 1600 530593 44050' 5

5 SANDS XBT 17 18 Jul 2000 530551 440441 11

6 SANDS GTD/SV 2 (D) 18 Jul 2255 530551 44050' 8

7 SANDS XBT 18 19 Jul 1200 53054' 440533 7

8SANDS SVP 1 (U) 19 Jul 1800 530553 44050' 8

9 SANDS XBT 20 20 Jul 0037 530593 440493 6

PHASE II

1SANDS XBT 76 12 Aug 1230 530493 440533 12

2 SANDS XBT 78 t2 Aug 2000 530483 440563 12

3 SANDS XBT 79 14 Aug 0000 530533 440483 10

4 SANDS XBT 80 14 Aug 0400 540033 440583 3

5 SANDS XBT 81 14 Aug 0715 530483 44040' 17

6 SANDS XBT 82 14 Aug 1720 53'483 44040' 17

Notes: * Nominal position of station B is 54000'N, 45"00'W
* (U) indicates upcast, (0) indicates downcast

TABLE IV. IDENTIFICATION OF OBSERVATIONS USED IN PHAS-E I AND
PHASE II TIME SERIES STUDIES AT STATION B (U)
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(U) During Phase I, profiles 1, 2, 3, and 9 were in the warmer
Vý North Atlantic Current gyre; profiles 5, 6, 7, and 8 were in the

colder Labrador Sea gyre; and profile 4 lay astride the Subarctic
Convergence. Therefore, variation in sound velocity during Phase I
at station B again is a result of temporal and spatial variability
in the environment. The maximum depth of the DSC axis (360 m) occurred
for profile 3 (warm side of front), while the maximum sound velocity
at the axis (about 1474 n/sec) occurred for profile 1 (also on warm
side of front), The minimum depth of the axis (150 m) was found on
profile 5 and the minimum sound velocity at the axis (ahoo't 1469 m/sec)
on profile 6. Profiles 5 and 6 were on the cold side of the Sub-
arctic Convergence. Over the 64-hour occupation, the depth of the DSC
axis varied by 210 meters and the sound velocity at the axis varied by
4.3 m/sec. Such a variation is expected along the Subarctic Convergence.
The effect of tht Subarctic Convergence on the sound velocity isolines
below the axis can h seen between profiles 8 and 9 on the contoured
section. Profile b lay on the cold side of the front, while profile 9
was on the warm sidp of the front. Therefore, the various isolines
tend upwards as the Aistance between isolines is compressed. During
the Phase I occupatiot, of station B, critical depth varied between
1070 m (cold side of front) and 1340 m (warm side of front).

(U) During Phast ", profiles 1, 2, and 3 were in the warmer
North Atlantic Current gyrv while profiles 4, 5, and 6 were in
the colder Labrador Sea gyr., thereby resulting in d mixture of temporal
and spatial variability in so,!nd velocity structures. The maximum
depth of the DSC axis (200 m) occurred on profile 2, while the maximum
sound velocity at the axis (about 1473 rn/sec) occurred on profile 3.
Both profiles were on the warm side of the Subarctic Convergence. The
minimum depth of the axis (80 m) occurred for profile 1 (warm side of
convergence), whereas the minimum sound velocity at the axis (about
"1470 m/sec) was found on profile 6 (cold s'de of convergence). Over
the 60-hour occupation, the depth of the DS. axis varied by only 120 m
and the sound velocity at the axis varied by 3.S m/sec. The effect
of the Subarctic Convergence on the sound velocity isolincs below the
axis can be seen between profiles 3 and 4 on the cutoured section.{ Since profile 3 was on the warm side of the front and profile 4 on the
cold side, the sound velocity isolines tend dovwtwards eý the distance
between the various isolines is compressed. During the FL':e Ii
occupation of station B, critical depth varied between 1210 IL (coldf side of front) and 1400 m (warm side of front).
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(U) The following table summarizes sound velocity profile
statistics for the Phase I and Phase I1 occupations of station B:

NO. OF
MINIMUM MEAN MAXIMUM RANGE OBS.

MLV
(ml. ec)

I 1483.5 1485.1 1488.3 4.8 9
II 1486.4 1487.4 1489.4 3.0 6

DSCD
(M)
I 150 230 360 210 9

II 80 130 200 120 6

DSCV
(m/sec)

I 1469.3 1471.5 1473.6 4.3 9
II 1469.7 1471.3 1473.3 3.6 6

CD(in)
I 1070 U180 1340 270 9

II 1210 1280 1400 190 6

Bot.' the aepth and suunO velocity of the DSC axis had a greater variation
during Phase I than during Phase i'. This effecL car bte explained by the
relative position of the Subarctic Convergence during the two phases.
During Phase I, station B was more strongly influenced by the colder,
more stable Labrador Sea gyre. During Phase I, station B was influenced
more or less equally by the Labrador Sea gyre and the warmer, less
stable North Atlantic Current gyre. The lesser mean depth and sound
velocity of the DSC axis during Phase II are further indications that
station B l.y generally north of the Subarctic Convergence during this
phase. The mean critical depth during Phase I was 100 m shoaler than
during Phase I1, despite the increased influence of the North Atlantic
Current gyre. This is caused by less surface insolation during Phase I.
The smaller variation in critical depth during Phase II indicates more
uniform surface insolation later in the suuver.

(C) During Phase III of NORLANIT-72. the sound velocity
structure at station B should be quite similar to that shown in
figure 11 for Phase I. However, critical depths during Phase III
should be a few hundred meters deeper than those found during Phase H.
because of increased surface insolation. iuring all three phases.
there was adequate depth excess at station B to ensure convergence
zone propagation from a rear-Surface source.
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D. Variability of Sound Velocity at Station D

(C) During Phase I of NORLANT-72, station D lay astride the
Subarctic Convergence (figure 5). During this phase, data were
adequate to analyze the variability of sound velocity within a 15-nm
radius of station D for a 142-hour period during 19-25 July.
Figure 12 shows a time series plot and a contoured presentation
of sound velocity data at station D during Phase I. The time
series plot is for the upper 2000 m of the water column, the con-
toured presentation for the upper 1000 m of the water column. The
observations used in figure 12 are identified in table V. The
locations of these observations relative to the average Phase I
position of the Subarctic Convergence are shown in an insert to
-figure 12.

(C) The majority of the profiles used in figure 12 were
on the cold side of the Subarctic Convergence, the exceptions being
profile 1 in the North Atlantic Current gyre and profile 2 astride
the front. During the 142-hour occupation, 131 hours are represented
by profiles located in the colder Labrador Sea gyre. Over the
occupation as a whole, the maximum depth of the DSC axis (380 m)
and the maximum sound velocity at the axis (1476.2 m/sec) occurred
for profile 1. The minimum depth of the axis (100 m) occurred on
profile 17, while the minimum sound velocity at the axis (1466.7 m/sec)
was on profile 4. Both these profiles were on the cold side of the
Subarctic Convergence. Over the occupation as a whole, the depth
of the DSC axis varied by 280 m. Over a period of less than 48 hours,
the sound velocity at the axis varied by 9.5 m/sec. This latter
variation is larger than that encountered at station B during either
Phase I or Phase UI (figure 11) or that encountered at statior A
during Phase III (figure 10). The magnitude of this variation does
not appear to be a function of the length of occupation or placement

K•: of stations relative to the Subarctic Convergence. Therefore this
large variation must be caused by greater oceanographic variability
at station 0 during Phase I of the exercise. This variability
probably is related to the proximity of station 0 to the center of
the North Atlantic Current gyre during Phase I (figure 5). During
'he total occupation, critical depth at station 0 varied between
12O0 m (profile 2) and 1440 m (profile 22), a variation related
to changes in near-surface sound velocity. Since the corrected
bctotm depth at station 0 is approxirmtely 3880 m. there was adequate
depth excess during Phase I to ensure convergence Zo.e propagation
from a near-surface source.

(U) During 131 hours of the occupation, all profiles laywithin the colder Labrador Sea gyre and were not subject to spatial

variations induced by the relative position of the Subarctic
Convergence. Therefore. these profiles offer an opportunity to
examine trily temporal variability ,n the primary OOAREA. During
these 131 hours, the depth of the OSC axis varied fron 1I0 to 220 n,
while the sound velocity at the axis varied between 1466.7 and 1471 .7 ot/sec.
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RANGE FROM
DATE TIME LAT LONG STATION D

PROFILE OBSERVATION (1972) (GMT) (N)-.. (W , (nm)

I HAYES XBT 15 19 Jul 0400 52058' 46017' 10

2 HAYES XBT 16 19 Jul 0800 52057' 46000' 3

3 HAYES XBT 17 19 Jul 1500 53004" 450491 4

4 HAYES XBT 18 20 Jul 0219 52050' 450551 10

5 HAYES XBT 19 20 Jul 0800 52057' 45053' 5

6 HAYES XBT 19A 20 Jul 1430 52057' 450521 6

7 HAYES XBT 20 20 Jul 1800 52056' 450551 5

8 HAYES XBT 21 21 Jul 0000 52054' 45055' 6

9 HAYES XBT 22 21 Jul 0800 520551 45C571" 5

10 HAYES XBT 23 21 Jul 1400 52053' 45056' 7

11 HAYES XBT 24 21 Jul 2140 52055' 45058' 4

12 HAYE3 XBT 25 22 Jul 0200 L°00' 450571 2

13 HAYES XBT 26 22 Jul 0800 53002' 46009' 6

14 HAYES XBT 27 22 Jul 1410 53000' 4505W1 1

15 HAYES XBT 28 22 Jul 2045 53002' 46001' 2

16 HAYES XBT 29 23 Jul 0200 53003' 460021 3

17 HAYES XBT 30 23 Jul 0800 53001' 45058' 1

18 HAYES XBT 32 23 Jul 2000 53'01' 46'00' 1

19 HAYES XBT 33 24 Jul 0200 53001' 46002' 1

20 HAYES XBT 34 24 Jul 0800 53003' 46003' 4

21 HAYES XBT 35 24 Jul 1400 53002' 46003' 3

22 HAYES XBT 36 24 Jul 2000 53001' 46002' 1

23 HAYES XBT 37 25 Jul 0200 53001' 46001' 1

Note: Nominal position of station D is 53° 0 0'N, 46*00'W

TABLE V. IDENTIFICATION OF OBSERVATIONS USED IN PHASE Il
TIME SERIES STUDY AT STATION D (U)
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This variation appears to have a 10- to 12-hour periodicity that
probably is due to internal waves generated along the horizontal
front that marks the bottom of the ASaW l&yer. At station D, this
front lay at the approximate depth of the DSC axis. Further evidence
of internal motion is seen in the form of the 1472 through 1480 in/sec
sound velocity isolines below the axis. According to LaFond (1962)
internal waves commonly are observed along horizontal water mass
boundaries. These internal waves frequently have a period ap-
proximating that of the tide. In the southern Labrador Sea, the
tides generally are diurnal (NAVOCEANO, 1965a). Therefore, internal
waves appear to be responsible for some part of the variability in
sound velocity observed at station D during Phase I of NORLANT-72.

(U) The total variability in the depth of the DSC axis ob-
served at station D during Phase I was 280 m. This variability is

0 a result of temporal and spatial changes in sound velocity structure.
During the 131-hour period when all observations lay in the Labrador
Sea gyre, the depth of the DSC axis varied by only 120 m. The total
variability in sound velocity at the axis observed during Phase I at
station D was 9.5 m/sec. During the 131-hour period when all
observations lay on the cold side of the Subarctic Convergence,
the sound velocity at the axis varied by 5.0 m/sec. Therefore,
about 45% of the total variation in DSC structure can be attributed

I to temporal variability (internal waves). The remaining variation
(55%) probably is due to changes in the position of the Subarctic
.onvergence. Internal waves probably are responsible for about half

of the variability observed at other reference stations in the
primary OPAREA, particularly if these stations either lay astride or
near the Subarctic Convergence.

E. Sound Velocity Structure from Station B to Station A to
SGrand -Banks

(C) During all tnree phases of NOkLANT-72, data were adequate
to construct sound velocity cross sections from station B to station A
(due south) and then southwest towards Grand Banks. During Phase I

*: (figure 2) both stations A and B lay astride the Subarctic Convergence,
and the Labrador Sea gy-e intruded between these stations. The front
between the North Atlantic Current gyre and the Labrador Current was
about 95 nm southwest of station A. During Phase II (figure 3),
station B lay just north of the Subarctic Convergence and station A
lay in the North Atlantic Current gyre. However, the first 30 nm of
the cross section south of station B overlay this front. During
Phase II the front between the North Atlantic Current gyre and the
Labrador Current occurred about 45 nm southwest of station A. During
Phase III (figure 4A), station B again lay just north of the Subarctic
Convergence and station A lay astride this front on the other side of
the North Atlantic Current gyre. The front between this gyre and the
Labrador Current occurred about 75 nm southwest of station A during
Phase I11. Therefore, in respect to the station B to station A to
Grand Banks track, the North Atlantic Current gyre was best developed
during Phase III and least developed during Phase I.
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(U) Figure 13 shows a series of 15 sound velocity profiles
plotted at their position of observation normal to the station B to
station A to Grand Banks track during Phase I and a contoured cross
section of these same data. The plot of sound velocity profiles
versus distance extends to 2000 m depth, the contoured cross section
to a depth of 1000 m. The observations used in figure 13 are identified
in table VI. The bathymetric profile shown on figure 13 is from
NAVOCEANO North Atlantic Regional (NAR) chart 4.

(C) During Phase I, surface sound velocities along the
station B to station A to Grand Banks track varied from less than
1472 to greater than 1490 m/sec. A mixed layer was found on most
profiles at a depth of 10 to 30 m. The depth of the DSC axis varied
from 50 m in the Labrador Current (profile 14) to 350 m in the North
Atlantic Current gyre (profile 7). The sound velocity at the axis
varied from about 1455 to about 1475 m/sec between these same two
profiles. Critical depth increased from 900 m at station B to 1200 m
at a range of about 140 nm from station B (in the North Atlantic
Current gyre) and then decreased to 120 m in the Labrador Current
at a range of about 325 m. The critical depth then increased to
630 m at the end of the track due to increased surface insolation over
the edge of Grand Banks. Depth excess along the entire section was
adequate to eY-.e convergence zone propagation From a near-surface
source. :;.wever, convergence zone propagation was impeded farther
to the southwest by the shallower bathymetry of the Grand Banks
continental slope.

(U) Sound velocity structure along the entire Phase I track
was very complex and variable because of intrusions of water masses
through the meandering Subarctic Convergence. The cells with sound
velocities less than 1472 m/sec at about 30 nm from station B and at
statiur A were caused by intrusions of ASaW and/or LCW into the North
Atlantic Current gyre. The influence of this gyre to the north and
southwest of station A is seen in the domed structure of the sound
velocity isolines below the DSC axis. The strong temperature minimum
in the LCW core off Grand Banks caused a tongue with sound velocities
less than 1460 m/sec at ranges greater than 240 nm from station B.
The two cclls with sound velocities greater than 1478 m/sec (described
by profiles 11 and 14) were caused by intrusions of NACW into the
Labrador Current. These NACW intrusions led to perturbations in the
positive sound velocity gradient below the DSC axis.

(C) Figure 14 shows a series of 14 sound velocity profiles
plotted at their position of observation nornal to the station B to
station A to Grand Banks track during Phase II end a contoured cross
section of these same datU. The observations used in figure 14 are
identified in table VII. Surface sound velocities along the Phase II

33 CONFIDENTIAL

i.~



CONFIDENTIAL

020

W I3 ,

-0

LIi

2 ~(D

tT 0

* ~ ,*00

0 0

272

I It



~, /

CONFIDENTIAL

DATE TIME LAT LONG
PROFILE OBSERVATION (1972) (GMT) ('N) (.W)

1 SANDS XBT 20 20 Jul 0037 33059' 44049'

2 SANDS XBT 14 18 Jul 0800 52'23' 45102'
3 HAYES XBT 6 17 Jul 0400 53013' 45004'

4 SANDS XBT 13 18 Jul 0400 520403 440553

5 HAYES XBT 5 17 Jul 0000 52028' 45'04'

6 SANDS CTD/SV 1 (D) 17 Jul 1530 52°00' 44044'

7 hAYES XBT 3 16 Jul 0803 51032' 45054'

8 HAYES XBT 2 16 Jul 0400 51006' 46025'

9 HAYES XBT 1A 16 Jul 0003 50053' 47001'

10 SANDS XBT 4 17 Jul 0040 50044' 470173

11 SANDS XBT 3 16 Jul 2230 50o29' 47*22'

12 HAYES XBT 1 15 Jul 2000 5013' 47o50'

13 SANDS XBT 45 29 Jul 2045 50o20' 49005'

14 SANDS XBT 1 16 Jul 1430 49°22' 48033'

15 VP-24 AXBT 9 21 Jul 0106 48045' 49036'

Note: (D) indicates downcast

TABLE VI. IDENTIFICATION OF OBSERVATIONS USED IN STATION B TO
STATION A TO GRAND BANKS CROSS SECTION (PHASE I) (U)
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SANDS DATE TIME LAT LONG
PROFILE OBSERVATION (1972) (GMT) (ON) (OW)

1 SVP 5 (U) 31 Jul 0420 53059' 44051'

2 XBT 78 12 Aug 2000 53048' 44056'

3 XBT 55 31 Jul 2040 530326 45002'

4 XBT 85 15 Aug 1605 530211 44054'

5 STD 3 (D) 3 Aug 0025 520571 44051'

6 XBT 87 16 Aug 0415 520276 45017'

7 STD 2 (D) 1 Aug 2100 510566 4510'

8 XBT 49 30 Jul 1200 520331 46037'

9 XBT 67 6 Aug 2256 510186 46018'

10 XBT 73 11 Aug 0800 510396 470429

11 XBT 68 7 Aug 0400 50"45' 47014'

12 XBT 68A 7 Aug 0800 50019' 48002'

13 XBT 71 10 Aug 2216 50031' 49015'

14 XBT 70 7 Aug 1600 49"47' 48050'

Note: (U) indicates upcast, (D) indicates downcast

TABLE VII. IDENTIFICATION OF OBSERVATIONS USFD IN STATION B TO
STATION A TC GRAND BANKS CROSS SECTION (PHASE II) (U)
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track varied from about 1475 to greater than 1490 m/sec. A mixed layer
at depths of 20 to 50 m was found on most profiles. The depth of the
DSC axis varied between 40 m in the Labrador Current (profile 14) and
320 m in the North Atlantic Current gyre (profile 5). The sound
velocity at the axis varied from less than 1445 m/sec for profile 13
about 1473 m/sec for profiles 6 and 8. Critical depth varied between
1140 and 1550 m along the first 240 nm of the track and then rapidly
decreased to 450 m in the Labrador Current at a range of about 300 nm
from station B. Critical depth then increased to the southwest as a
result of increased surface insolation over the edge of Grand Banks.
Depth excess along the entire Phase II track was adequate to ensure
convergence zone propagation from a near-surface source.

eno(U) Sound velocity structure along the Phase II track was
even more complex and variable than that found during Phase I
(figure 13). This is due to the greater development of the unstable
North Atlantic Current gyre during Phase II. A cell with sound
velocities less than 1472 m/sec occurred at station A despite the fact
that this station lay well into the gyre. This is clear evidence of
an ASaW and/or LCW intrusion under the Subarctic Convergence. In
addition, two tongues with sound velocities less than 1472 m/sec
intruded under the Subarctic Convergence, one from the north and one
from the southwest of station A. This second tongue was associated
with the Labrador Current. Tne Labrador Current itself apparently
did not extend as far northeast of Grand Banks during Phase II as
during Phase I, since sound velocities less than 1460 m/sec were
not found at ranges less than about 290 nm from station B during
Phase II. However, the core of the Labrador Current apparently was
colder during Phase II than during Phase I. The influence of the
North Atlantic Current gyre is apparent in the vicinity of station A
in the domed structure of the 1476 through 1484 m/sec sound velocity
isolines. A NACW intrusion into the Labrador Current resulted in a
cell with sound velocities greater than 1480 m/sec at about 270 nm
from station B (profile 12). This intrusion was more pronounced
during Phase II than the intrusion found during Phase I at approximately
the sarm location.

(C) Figure 15 shows a series of 12 sound velocity profiles
plotted at their position of observation normal to the station B to
station A to Grand Banks track during Phase III and a contoured cross
section of these same data, The observations used in figure 15 are
identified in table VIII. The bathymetric profile shown on the
extreme right-hand side of figure 15 is identical to that of figure 13.
Surface sound velocities along the Phase III track varied from about
1486 to about 1496 m/sec. A mixed layer at depths between 20 and 70 m
was found on all profiles except profile 12. Surface sound velocities
during Phase III were greater than those during either Phase I or
Phase I, indicating increased effects of surface insolation during
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SANDS DATE TIME LAT LONG
PROFILE OBSERVATION (1972) (GMT) (ON) (0W)

1 XBT 122 1 Sep 0010 530581 44046'

2 XBT 123 1 Sep 0400 530471 44041'

3 XBT 125 1 Sep 0805 53003' 44044'

4 XBT 126 1 Sep 1200 52023' 44040'
51 rn I AACCA

CTDiSV 6 (D) 3 Sep 1800 551 40,50

6 XBT 132 9 Sep 0400 51059' 46002'

7 XBT 133 9 Sep 0800 51031' 46042'

8 XBT 134 9 Sep 1200 51010' 47023'

9 XBT 95 24 Aug 0420 49055' 45054'

10 XBT 93 24 Aug 0000 49037' 46040'

11 XBT 136 9 Sep 2000 50006, 48054'

12 XBT 91 23 Aug 1600 48058' 48013'

Note: (D) indicates downcast

TABLE VIII. IDENTIFICATION OF OBSERVATIONS USED IN STATION B TO
STATION A TO GRAND BANKS CROSS SECTION (PHASE III) (U)
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September. The depth of DSC axis varied between 30 m on profile 12
(Labrador Current) and 420 m on profile 3 (center of well-developed

* •North Atlantic Current gyre), The sound velocity at the axis varied
between about 1449 m/sec on profile 11 and about 1480 m/se!: on
profile 3. A minimum critical depth of 1160 m was found at station B
and a maximum critical depth of 1900 m was found at a range of about
270 nm from station B in the region dominated by the Labrador Current.
Critical depths were greater during Phase III than during the other
two phase-, again indicating the strong and continued effects of
surface insolatin, during 3eptember. During Phase Ill, depth excess
was adequate for convergence zone propagation from a near-si, face
source over most of the track. However, convergence zone formation
was impeded by the shallower bathymetry of the Grand Banks
continental slope at the southwest end of the track.

(U) Sound velocity structure along the Phase III track was
even more complicated and variable than that during Phase II (figure 14),
owing to maximum development of the uostable North Atlantic Current
gyre that dominated the first 195 nm of the track. Cells with sound
velocities less than 1472 m/sec were found at station B and at
ranges greater than 195 nm from station B. Sound veloities less th••
1460 m/sec occurred at ranges greater than about 250 nm from station B
(similar to situation for Phase I, figure 13). However, the North
Atlantic Current gyre was the primary oceanographic influence along
the station B to station A to Grand Banks track during Phase III.
This gyre caused the closure of the 1480 m/sec sound velocity isolines
on either side of profile 3 (midway between stations A and B) and
resulted in a cell with sound velocities greater than 1480 m/sec above
the DSC axis to the southwest of station A. The unstable nature of
the North Atlantic Current gyre is evident in the convoluted form of
the greater than 1480 m/sec sound velocity isolines north of station A.
The NACW intrusion into the Labrador Current during Phases I and II at
a range of about 270 nm also occurred during Phase III (lens with
sound velocities greater than 1476 m/sec), but in a much diminished
form.

(U) As previously mentioned, the overall sound velocity
structure along the station B to station A to Grand Banks track was
most coiplicated and variable during Phase Il, least complicated and
variable during Phase I, and of intermediate complexity and variability
during Phase 11. This is directly related to the North Atlantic
Current gyre that was best developed during Phase III ahd least
developed during Phase I. The following table summarizes sound

evelocity profile statistics over the track as a whole during the
three phases of NORLANT-72:
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NO. OF
MINIMUM MEAN MAXIMUM RANGE OBS.

MLV
(m/sec)

I 1471.7 1484.3 1490.8 19.1 15
II 1474.7 1485.4 1490.6 15.9 14

111 1486.7 1492.6 1498.0 11.3 12.

DSCD
(M)
I 50 170 350 300 15

SII 40 150 320 280 14
I11 30 190 420 390 12

DSCV
Wm/sec)

I 1455.4 1466.1 1475.4 20.0 15
1I 1444.6 1456.7 1473.3 28.7 14

iii 1449.- 1467.3 1480.2 30.9 12

I 120 980 1280 1160 15
"II 450 1240 1550 1100 14

111 1160 1340 1900 740 12

Both the mean depth and sound velocity of the DSC axis were greatest and
most variabie daring Phase III, in keeping with the maximum development
of the North Atlantic Current gyre. The relatively similar mean sound
velocity at the DSC axis during all three phases indicates a similarity
in water mass types over the track as a whole. Mean critical depth was
greatest during Phase III and least during Phase I, as expected,
because of increasing surface insolation over the course of the exercise.
However, critical depth was least variable during Phase III and most
variable during Phase 1, indicating that surface insolation was most

* . :uniform over the track during Phase Ill and least uniform during
Phase I. The statistics on the maximum sound velocity in the mixed
layer show this sante trend.

F. Suiar of Sound Velocity Structure Near Stations A and B

(C) Station A was occupied during Phase !1I of the exercise
(figure 10) and station B was occupied during Phases I and II (figure 11).In addition, a line of data from station B south to station A has been

analyzed during all three phases of NORLANT-72 (figures 13, 14 and 15).
Because of the various acoustic exercises carried out in the vicinityof these two stations throughout the exercise, the overall sound
velocity structure near these two stations is briefly summarized in
the following section.
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(U) Sound velocity profile statistics over the station B to
station A track for Phases I, IT, and III of the exercise are as follows:

NO. OF
MINIMUM MEAN "XIMUM RANGE OBS.

MLV
W(msec)

1 1484.7 1488.0 1490.2 5.5 6
II 1485.9 1488.9 1490.6 4.7 7

III 1487.7 1492.1 1498.0 10.3 5

DSCD
W(n)
- 180 230 310 130 6

11 120 200 320 200 7
>I 160 260 420 260 5

"DSCV
(in/sec)

1 1469.0 1472.0 1473.2 4.2 6
I1 1468.2 1470.9 1473.1 4.9 7

111 1471.3 1473.9 1480.2 8.9 5

CD
W(m)
1 900 1140 1280 380 6

II 1220 1370 1530 310 7
111 1160 1400 1660 500 5

Minimum values of these four parameters generally occurred at station B
(northern end of track), while maximum values were found at the center
of ti.e variable North Atlantic Current gyre. All four parameters had
greatest mean values and largest variations during Phase Ill, coin-
cident with the greatest development of this gyre. During Phase It.
the mean values of depth and sound velocity of the DSC axis were less
than those during either Phase I or Phase 111, indicating a greater
influence of the colder Labrador Sea gyre on that portion of the primary

OPAREA near stations A and B. This was caused by a tongue of the
Labrador Sea qtre that extended well into tht North Atlantic Current
gyre parallel to the track during Phase Ii (figure 3). In most cases,
variability of all four parameters along the track during Phases I and
!1 was greater than the variability at station B during the two
phases. Similarly, the variability along the track during Phase III
was greater than that at station A during this phase. This indicates
that the greatest overall variability in sound velocity structure
occurred between stations A and B during all three phases of the
exercise. This variability was caused by the unstable North Atlantic
Current gyre.
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(U) Maximum variability in sound velocity at the DSC axis
over the station B to station A track (8.9 m/sec during Phase III)
is of the same magnitude as the femporal and spatial variability of
this parameter at station D during ?hase I (9.5 m/sec). Station D
was located in close proximity to the center of the North Atlantic
Current gyre during Phase I (figure 2). During Phase Il1, this
gyre was found along most of the station B to station A track
(figure 4A). About half the total variability in DSC structure
at station D during Phase i is attributable to temporal variations
induced by internal wages, the other half to changes in the position
of the Subarctic Convergence. This same situation also applies along
the station B to station A track during Phase Il'. It is likely
that about half the variability in DSC structure in the vicinity of
stations A and 8 over the course of NORLANT-72 wa temporal in nature.
The other half probably aqas caused by meandering of the Subarctic
Convergence. In addition, variability in DSC structure in the
vicinity of stations A and B over the course of the exercise probably
was most extreme in regions close to the center of the relatively

! •instable North Atlantic Current gyre.

SOUND VELUCITY STRUCTURE NORTHEAST OF PRIMARY OPAREA

A. General Ocednographýy

(C) During Phase I of the NORLANT-72 Exercise, SANDS and
various aircraft took a line of XBTs and AXBTs to the northeast -between.
station B and Denviark Strait. This track crossed the Subarctic Con-
vergenceat ranges of about 10, 330, 470, and 535 nm from station B
(figure 2). Between ranges of 10 and 330 nri, the track lay within
the relatively cold, dilute Labrador Sea gyre. North of 535 nm, the
track lay in the warner, more saline Iriinger Current. Between 330
and 535 tim, the track paralleled the Subarctic Convergence ii a
transitional region between the Labrador Sea gyre and the Irming.r
Current. Two T-S/sound velocity comparisons illustrate the dis-

similar oceanographic ccnditions at opposite ends of the track
(figure 7 at station B and figure 16 in the Irminger Sea). The data
shown in figure 7 were collected durirg Phase III of the exercise,
and represent conditions in the Labrador Sea gyre (cold side of Sub-
arctic Convergence). The data shown in figure 16 represent historical
conditions in the Irminger Current at approximately that point where
it breaches the Subarctic Convergence atnd turns to the south.

(U) At station 3 (figure 7), ASaW overlies a 1lver of LCW
between 160 and 800 m th.at i,-, turn overlies a layer of HACW. The
depth of the DSC axis (160 n) coir.cides with the bottom of the ASaW
layer. No AIW cores are observab;e in the kACW layer. and theree Is
nc noticeable change in thl deep ,AO)itive sound velocity gradient
attributaole to NS0N. In tU. rlr-inqer Sea (figure 16), warm, saline
Irmlnger Current Water (a derivant of t•CW) does not have nearly as
marked a thermwclline or haloclir.o as observed at statilon 8. resulting
in a nearly isovelocity layer between depths of 100 ar.d 600 m. The
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depth of DSC axis (620 m) coincides with the bottom of the Irminger
Current Water layer. Below the axis, two cores of AIW are found at
980 m and 1480 m. These cores are separated by a salinity maximum
that probably corresponds to the core of well-mixed Mediterranean
Interrediate Water (MIW). A core of well-mixed MIW has been shown
under the Irminger Current as oxygen minimum by Worthington and
Wright (1970). However, neither the AMW core nor the suspected MIW
core cause an appreciable change in the positive sound velocity gradient
below the DSC axis. Below about 2200 m, NSOW causes a reversal in the
near-bottom positive sound velocity gradient. The effects of NSOW are
particularly evident in the Irminger Sea since this region lies just
south of Denmark Strait, through ,ihich NSOW enters the North Atlantic
Ocean. During summer, near-surfa..e sound velocities in the Irminger
Sea can be up to 10 m/sec higher than those in the Labrador Sea gyre
because of warmer sea surface temperatures. Greater near-surface
sound velocities and'the near..bottom effects of NSOW combine to in-
crease critical depth at the northern end of the station B to Denmark
Strait track.

B. Sound Velocity Structure Between Station B and Denmark Strait

(U) Figure 17 shows a series of 15 sound velocity profiles
plotted at their position of observation normal to the station B to
Denmark Strait track during Phase I of NORLANT-72 and a contoured
cross section of these same data. The sound velocity profiles ex-
tend to greater than 3000 m depth, and the contoured cross section to
lO00 m depth. The observations used in figure 17 are identified in
table IX. The bathymetric profile shown in this figure between 0 and
330 nm was taken by SANDS during the exercise. The remainder of the
bathymetric profile is from NAVOCEANO NAR chart 4.

(C) Surface sound velocities varied from about 1473 m/sec in
the center of the Labrador Sea gyre to more than 1490 m,rsec at the
northerh end of the track. A variable mixed layer was found at ranges
less than about 350 nm from station B, but generally was absent further
to the north. The depth of the DSC axis varied from 70 m in the
Labrador Sea gyre (profile 4) to about 600 m I:. the Irminger Current
(profile 14). Sound velocity at the axis varied from less than 1465
to more than 1480 m/sec between these same two profiles. The DSC
structures shown for profiles 13, 14, and 15 are speculative since
these profiles are based on shallow AXBT data. Critical depth de-
creased from 1150 m at station B (in North Atlantic Current gyre) to
520 m at a range of about 310 nm from station B, and then increased
to about 1640 m at the northern end of the track. Depth excess along
the entire track was adequate for convergence zone propagation fronm a
near-surface source. HowEver, further north, the shallower bathymetry
of the Denmark Strait sill should impede convergence zone propagation.
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DATE TIME LAT LONG
PROFILE OBSERVATION (1972) (GMT) (*N) (ow)

1 SANDS XBT 20 20 Jul 0037 53059' 440498

2 SANDS XBT 21 20 Jul 0400 540318 440241

3 SANDS XBT 22 20 Jul U800 550118 430588

4 SANDS SVP 2 (U) 20 Jul 2200 550488 430231

5 SANDS XBT 25 21 Jul 0400 560088 420538

6 SANDS XBT 26 21 Jul 0806 560388 420028

7 VXN 8 AXBT 22 21 Jul 1701 560568 400478

8 SANDS XBT 27 21 Jul 1600 57044' 400218

9 SANDS XBT 28 21 Jul 2000 580168 390258

10 SANDS SVP 3 (U) 22 Jul 0430 580428 38025'

11VX-8 AXBT 24 21 Jul 1820 590418 700

12 VXN-8 AXBT 30 24 Jul 1147 600598 35007'

13 VXN-8 AXBT 26 21 Jul 1946 62019' 32055'

14 VXN-8 AXBT 27 21 Jul 2029 630428 300518

15 VP-24 AXOT 66 28 Jul 1742 63042' 280198

Note: (U) indicates upcast

TABLE IX. &DENTIFICATION OF OBSERVATIONS USED IN STATION B TO
DENM4ARK STRAIT CROSS SECTION (PHASE I) (U)
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(U) The overall sound velocity structure along the first half
of station B to Denmark Strait track was not nearly as complex as that
found in the primary OPAREA. A cell with sound velocities less than
1472 m/sec dominated the southern half of the track, and corresponded
to the relatively stable Labrador Sea gyre. This cell was centered at
a range of about 120 nm (profile 4). The large variations in sound
velocity structure below the DSC axis in the contoured cross section
surrounding profile 4 may be a result of data type (i.e., a SVP
bracketed by two XBTs). The effects of the Subarctic Convergence can
be seen in the upward tendency and closure of various isolines at
ranges of about 400 nm from station B. At greater ranges, the overall
sound velocity of the water column increased to the northeast. However,
exact details of sound velocity structure at depths greater than 300 m
are not available owing to the shallow depth of the AXBT data. NSOW
effects expected at ranges greater than about 400 nm, should cause
anomalous sound velocity structures at depths near or below 2200 m.
Guthrie (1964) shows near-bottom sound velocity reversals in the
Irminger Sea as far south as about 60ON (range of about 430 nm from
station B). Along the northeastern half of the track, a complex sound
velocity structure also would be expected near the depth of the DSC
axis due to mixing along the lower boundary of the Irminger Current.

SOUND VELOCITY STRUCTURE EAST OF PRIMARY OPAREA

A. General O..eanography

(C) During Phases I and II of the exercise, SANDS and HAYES
took lines of XBTs to the east-northeast and east of the primary
OPAREA between station B and the Reykjanes Ridge. The Phase I track
started in the North Atlantic Current gyre and crossed the Subarctic
Convergence at ranges of about 15 and 280 nm from station B (figure 2).
The Phase II track started on the edge of the relatively cold, dilute
Labrador Sea gyre and crossed the Subarctic Convergence at a range of
about 265 nm from station B (figure 3). The eastern halves of both
the Phase I and II tracks lay in the warmer, more saline North Atlantic
Current. Two T-S/sound velocity comparisons illustrate the dissimilar
oceanographic conditions at opposite ends of these tracks; figure 7 at
station B and figure 18 just east of the Reykjanes Ridge crest.

(U) At station B (figure 7) the depth of the DSC axis (160 m)
coincides with the bottom of the ASaW layer. This layer overlies a
layer of LCW that in turn overlies a layer of NACW below about 800 mi.
At station B, AIW is not discernable and NSOW does not have noticeable
effects on the deep positive sound velocity gradient. Because the
data shown in figure 7 were collected during Phase Ill of the exercise,
this figure represents conditions in the colder, more dilute Labrador
Sea gyre. East of the Reykjanes Ridge (figure 18), the warmer, more
saline North Atlantic Current occupies the upper 800 m of the water
column, causing considerably higher sound velocities. The depth of
the DSC axis (470 m) corresponds to a salinity minimum in the NACW
layer. The reason for this salinity minimum is not clear, but it may
be a result of mixing over the eastern flank of the Reykjanes Ridge.

49 CONFIDENTIAL



i/I

CONFIDENTIAL
/I (This page UNCLASSIFIED)

SOUND VELOCITY (M/SEC)
1460 1470 1480 1400 3500 1510 1520 1530

TEMPERATURE VC)
,! 4 6 8 30 3z 14 16

0 I I I I

- - .... - • -- SALINITY ( 35. 6
, -. "(- f-- L34.4 34.8 35.2 35.6

-e--DEEP
SOUND -
AXIS

, CHANNEL /

S/150

-\ / 300•~~ 00 ? \ ,-4oo , o.
700

8- \ 4 (8 -00

(• ! I29?0

, 0

¾ CRIT1CAl.
CRIICpTH LEGEND, e- CORE OF ARCTIC INTERMEDIATEDID PT WA T E R (A IW )

-¾ SOURCE NOOC CRUISE 06-919(RtV GAUSS)
CONSEC. STATION NO 221

so-0 IT C (%)PC54-1T9N. 30-48'W
SO L ) - I Sv (7I I

342 344 346 348 150 552 354 356
SALINITY 3*I.)

FIGURE 18. HISTORICAL SUMMER TEMPERATURE-SALINITY-SOUND
VELOCITY PROFILES AND T-S DIAGRAM OVER REYKJANES
RIDGE (U)

CONFIDENTIAL
r~ (Ti~s page UNCLASSIFIED)

!~



CONFIDENTIAL

A second salinity minimum at 800 m marks the bottom of the NACW layer
and results in a secondary sound velocity minimum below the DSC axis.
The salinity maximum at 1000 m corresponds to the well mixed core of
MIW that lies above the AIW salinity minimum (about 1500 m). Neither
the MIW salinity maximum or the AIW salinity minimum have noticeable
effects on the positive sound velocity gradient below the DSC axis.
Between about 1600 and 3000 m, the sound velocities shown in figure 18
are up to 1.5 m/sec lower than those shown in figure 7. This is due to
NSOW that enters the northeast Atlantic Ocean over the Faeroe-Iceland
Ridge. This water mass flows south along the eastern flank of the
Reykjanes Ridge before entering the Labrador Basin through the Gibbs
Fracture Zone (Worthington and Volkrjann, 1965; Garner, 1972). During
summer, near-surface sound velocities can be more than 15 m/sec higher
in the North Atlantic Current than in the Labrador Sea gyre. This
resu'lts in much greater critical depths at the eastern end of the
station B to Reykjanes Ridge track.

B. Sound Velocity Structure Between Station B and Reykjanes Ridge

p t (U) Figure 19 shows a series of 10 sound velocity profiles
plotted at their position of observation normal to the station B to
Reykjanes Ridge track during Phase I of the exercise and a contoured
cross section of these same data. The sound velocity profiles extend to
a maximum depth of 1500 m and the contoured cross section to 1000 m. The
bathymetric profile shown in figure 19 is from NAVOCEANO NAR chart 4, as
is the bathymetric profile shown in figure 20 (Phase II). The observa-
tions used in figure 19 are identified in table X.

(C) During Phase I, surface sound velocities varied from less
than 1477 m/sec in the Labrador Sea gyre to more than 1488 m/sec at
the eastern end of the track. A mixed layer was absent on most of
the profiles. The depth of the DSC axis varied from 90 m in the
Labrador Sea gyre (profile 3) to about 650 m at the eastern end of
the track (profile 10). The scund velocity at the DSC axis varied
from about 1460 and 1482 m/sec between these same two profiles.
However, the DSC structure shown on profile 10 is speculative since
this profile is based on shallow AXBT data. The effects of the Sub-
arctic Convergence are seen in rapid shoaling of sound velocity iso-
lines below the DSC axis at ranges between 200 and 300 nm frnm station B.
At a range of about 390 nm, these isolines deepen again, forming a domed
structure centered on profile 9. This domed structure is apparently
the result of an instrusion of warmer, more saline water at depths of
300 to 500 m. Critical depth decreased from about 1100 m at station 8
to 660 m at a range of .bout 70 nm from station B (center of Labrador
Sea gyre) and then increa.ed to 1400 m at the eastern end of the track.
Except for the region directly over the crest of the Reykjanes Ridge,
depth excess was adequate for convergence zone propagation from a near-
surface source along the Phase I track.
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DATE TIME LAT LONG

PROFILE OBSERVATION (1972) (GMT) ,(N) (oW)

1 SANDS XBT 20 20 Jul 0037 53059' 440491

2 SANDS XBT 21 20 Jul 0400 54031' 44024'

3 SANDS XBT 44 25 Jul 1300 54019' 43003'

4 SANDS XBT 43 25 Jul 0400 540441 40036'

5 SANDS XBT 42 25 Jul 0000 54058' 39'33'

6 SANDS XBT 41 24 Jul 2009 550091 380191

7 SANDS XBT 39 24 Jul 1600 55'20' 37012'

8 SANDS XBT 38 24 Jdl 1200 55°31' 35053'

9 SANDS SVP 4 (D) 24 Jul 0200 55050' 340011

10 VP-24 AXBT 62 28 Jul 1502 55°41' 31'49'

Note: (D) indicates downcast

TABLE X. IDENTIFICATION OF OBSERVATIONS USED IN STATION B TO
REYKJANES RIDGE CROSS SECTION (PHASE I) (U)
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(C) Figure 20 shows a series of 8 sound velocity profiles
plotted at their position of observation normal to the station B to
Reykjanes Ridge track during Phase II of the exercise and a contoured
cross section of these data. The observations used in figure 20 are
identified in table XI. During Phase II, surface sound velocities varied
from about 1480 m/sec at station B to about 1493 m/sec east of the
Reykjanes Ridge. A mixed layer at depths between 20 and 40 m was found
on most of the profiles. The depth of the DSC axis probably increased
rapidly to about 600 m a few nautical miles east of profile 8. The
sound velocity at the axis varied from about 1468 m/sec to about
1481 m/sec between station B and the eastern end of the track. The
tongue with sound velocities less than 1472 m/sec found during Phase II
is much less pronounced that the cell with similar sound velocities
found during Phase I (figure 19). This is a direct result of the lesser
eastward extent of the Labrador Sea gyre during Phase II (greater
development of North Atlantic Current gyre). The effects of the Sub-
arctic Convergence are not as obvious in figure 20 as they are in
figure 19, probably due to the diminished extent of the Labrador Sea
gyre during Phase II. Critical depth during Phase II varied from
1170 m at a range of about 150 nm from station B to 1840 m east of
the Reykjanes Ridge. During Phase II, critical depths were 300 to
400 m deeper than those in Phase I due to increased surface insolation.
However, except for the region directly over the Reykianes Ridge crest,
depth excess along the Phase II track was adequate for convergence zone
propagation from a near-surface source.

(U) During Phase II of the exercise, sound velocity profiles
at ranges between 200 and 300 nm from station B displayed a bichannel
structure consisting of a sound velocity minimum (upper sound channel)
and an intermediate sound velocity maximum above the DSC axis (profiles 5
and 6 of figure 20). Similar structures were found 20% to 80% of the
time in the historical data of this region during summer by Fenner and
Bucca (1971). The upper sound channel axis corresponded to the maximum
depth of summer warming, while the intermediate sound velocity maximum
coincided with a temperature inversion along the Subarctic Convergence
(probably a NACW intrusion). During Phase I, similar sound velocity
perturbations were found at ranges between 200 and 300 nm from station B,
but at depths below the DSC axis (see profiles 6 and 7, figure 19).
These perturbations apparently were caused by intrusions of NACW
across the Subarctic Convergence into the ASaW/LCW layer (Fenner and
Bucca, 1971).

(U) During Phase II, the DSC axis was deeper than during
Phase I at ranges greater than about 260 nm from station B. At a
range of about 460 nm from station B, the axis was nearly 400 m deeper
during Phase II than it was in Phase I. However, in the same region,
sound velocities at the axis were similar during both phases (i.e., 1476
to 1482 m/sec). This anomalous situation is not a function of data type,
data spacing, or the relative position of the Subarctic Convergence.
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DATE TIME LAT LONG

PROFILE OBSERVATION (1972) (GMT) (0N) (°W)

1l SANDS SVP 5 (U) 31 Jul 0420 53059' 440511

2 HAYES XBT 49A 3 Aug 0000 54001' 43018'

3 HAYES XBT 50 3 Aug 0400 54006' 41041'

4 HAYES XBT 51 3 Aug 0800 54008' 400251

1 5 HAYES XBT 52 3 Aug 1200 54013' 38o33'

6 HAYES XBT 53 3 Aug 1600 54016' 36054'

7 HAYES XBT 54 4 Aug 0400 54029' 32006'

8 HAYES XBT 55 4 Aug 0800 54036' 30025'

Note: (U) indicates upcast

TABLE XI. IDENTIFICATION OF OBSERVATIONS USED IN STATION B TO
REYKJANES RIDGE CROSS SECTION (PHASE II) (U)
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The DSC axis east of the Reykjanes Ridge corresponded to a salinity
minimum near the bottom of the NACW layer. However, a perturbation
below the DSC axis coincided with the bottom of the NACW layer (top of
MIW layer, figure 18). Mixing between NACW and transient cells of MIW
probably occurred at the eastern end of the Phase II track. Such
mixing has been observed farther to the south over the Mid-Atlantic
Ridge crest by Katz (1970). Mixing between NACW and MIW can cause
sound velocity perturbations below the DSC axis similar to those found
on profiles 7 and 8 of figure 20 (Fenner and Bucca, 1971). Sound
velocities associated with these perturbations were barely greater than
those at the DSC axis. This indicates that the depth of the DSC axis
is more sensitive to temporal and spatial fluctuations in the environ-
ment than is sound velocity at the axis. This sensitivity to mixing
is one possible explanation for the anomalously shallow depths of the
DSC axis at the eastern end of the station B to Reykjanes Ridge track
during Phase II of the exercise.

(U) The following sound velocity profile statistics (defined
in a previous section) summarize the track as a whole for Phases I and
II of the exercise:

NO. OF
MINIMUM MEAN MAXIMUM RANGE OBS.

MLV
(m/sec)

1s 1476.5 1482.3 1488.3 11.8 10
II 1485.9 1489.6 1495.2 9.3 8

DSCD

I 90 150 290 200 9*
ii 120 18o 250 130 8

DSCV
S(mfsee)

I 1460.4 1470.1 1477.0 16.6 9'
II 1468.2 1473.0 1480.9 12.7 8

CD

I 660 940 1400 740 10
II 1170 1380 1840 670 8

('does not include profile 10)

Statistics on the depth and sound velocity at the DSC axis shown above
do not reflect speculative values of both parawters at the eastern e±nds
of the Phase I and Phase Ii tracks. The mean values of all four para-

meters were greater during Phase II than Phase I owing to increased
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surface insolation and lesser development of Labrador Current gyre
"during Phase II. The greater mean depth and sound velocity of the
DSC axis during Phase II indicates a seasonal effect on DSC structure
between station B and the Reykjanes Ridge. Variations of all four
parameters were greater during Phase I than Phase II, mainly because
of less uniform surface insolation in the region east of station B.
Owing tQ the disparity of oceanographic conditions at opposite ends
of the Phase I and Phase II tracks, variations in all four parameters
over the track were greater than similar variations at station B for
each phase.

SOUND VELOCITY STRUCTURE NORTHWEST OF PRIMARY OPAREA

A. General Oceanography

(C) Ouring Phase III of NORLANT-72, QUEST took a continuous
line of 64 T-7 XBTs northwest of the primary OPAREA into Baffin Bay
and SANDS took a line of XBTs and one CTD/SV station northwest of
station B in the central Labrador Sea. Combined, these data describe
a track that extends nearly 1500 nm from station B to the Carey Islands
in northern Baffin 3ay (figures 4A and 4B). The following T-S/sound
velocity comparisons have been chosen to illustrate the variable
oceanography along this track:

9 Figure 7, located at station B,

a Figure 21, located at the edge of the Labrador Current
in the central Labrador Sea,

a Figure 22, located in West Greenland Current in the
northern Labrador Sea,

* Figure 23, located iartediately South of the Davis

Strait sill,

e Figure 24, located in central Baffin Bay; and

* Figure 25, located iraediately south of the Carey Islar'.

Data shown in figures 7 and 21 were collected during Phase III of Lhe
exercise. Data -hown in figures 23. ?4, and 25 wpre collected by USCG
EDISTO during August 1966 (Palfrey, ib. Each of the T-S/sound
velocity coenparisons represents conditions in distinct oceanographic
regimes along the 1ISW-m• track from station B to the Carey Islands.

(U) At station B (figure 7), A-SaW overlies a layer of LCW
(160 to 800 m) that in turn overlies NACW. The DSC axis (160 m)
coincides with the botton of the ASaW layer. A sound velocity
perturbation below the DSC axis et 240 m roughly correspomds with the
LCU core. Figure 7 represents oceanographic conditions just north of
the Subarctic Convergence during Phase MIf.
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(U) In the central Labrador Sea (figure 21), the upper 1400 m
of the water column are comprised of LCW. The DSC axis (60 m) coincides
with the temperature minimum in the LCW core. A change in the positive
sound velocity gradient is discernable at about 1600 m, immediately
below the bottom of the LCW layer. This gradient change may be caused
by North Atlantic Deep and Bottom Water that is in the process of
sinking. Data shown in figure 21 were collected northwest of OWS
BRAVO (56030'N, 51° 0 0'W). According to Husby (1967), North Atlantic
Deep and Bottom Water is formed north of OWS BRAVO. At a depth of
3000 m, sound velocities shown in figure 21 are approximately 1.0 m/sec
less than those at station B (figure 7) due to a preferential flow
of NSOW under the Labrador Current (Worthington, 1970). Figure 21
represents oceanographic conditions in the Labrador Sea gyre between
about 560N and 610 N.

(U) In the West Greenland Current (figure 22), the upper
1000 m of the water column consist of a derivative of NACW called West
Greenland Current Water (WGCW). This water mass is formed by mixing of
Irminger Current Water (dnother NACW derivative) with cold, dilute
waters carried by the East Greenland Current (figure 4A). The warming
effects of the West Greenland Current extend around the southern tip of
Greenland into the northErn Labrador Sea, but are not manifest in the
near-surface layer north of about 640 N to 650 N. In the West Greenland
Current, the DSC axis (100 m) correspcnds to the maximum depth of
summer warming. The core of 14GCW is marked by a temperature and
salinity maximum at about 200 m that causes a sound velocity maximum
below the DSC axis. The AIW low-salinity core at about 1260 m has
no apparent effect on the deep positive sound velocity gradient.
However, at about 2500 m, sound velocities are approximately 2.0 m/sec
less than those at station B owing to a preferential flow of NSOW
under the West Greenland Current (Worthington, 1970). This preferential
flow is continuous with that found farther to the south under the
Labrador Current. Figure 22 represents oceanographic conditions off
the west coast of Greenland between about 61°N and 63*N.

(U) Oceanographic conditions just south of Davis Strait
(figure 23) are even more complex than those in the primary OPAREA,
because of intensive mixing between various water masses at all depths
and to tidal currents over the shallow Davis Strait continental slope.
The predominant surface current in this strait is the southerly Baffin
Land Current. The northerly flowing West Greenland Current is apparent
at the surface only on the far eastern side of Davis Strait in the
shallow water over the Greenland continental shelf (NAVOCEANO, 195d).
In this region, the DSC axis (50 m) coincides with the temperature
minimum in the Baffin Land Current Water (BLCW) core. The sound
velocity at the axis shown in figure 23 is nearly 35 m/sec lpss than
in the West Greenland Current (figure 22) and about 20 m/sec less than
in the Labrador Sea gyre (figure 21). This is due to the extremely
low temperature and salinity of the BLCW core (about -l.6°C and 34.450/of,
figure 23). Tn the deeper portions of Davis Strait, WGCW is present
as a relatively warm, sAline core at depths between 300 and 400 mr. This
core is about 2.0°C colder and nearly 0.5°/o. less saline than that
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shown in figure 22 due to the substanti.al winnowing out of WGCW between
630N and Davis Strait sill (a distance of approximattly 250 nm),
Palfrey (1968) shows an inflow of WGCW water on the eastern side of
the strait and a substantial outflow of WGCW on the western side of
the strait during the summer of 1966. Data shown in figure 23 are
located in the WGCW outflow postulated by Palfrey. However, soccions
across Davis Strait shown by Bourkland (1968) for summer 1968 do not
substantiate this outflow. In any case, the WGCW core in the environs
of Davis Strait results in either a sound velocity maximum (as shown
in figure 23 at 360 m) or in a marked change in the positive sound
velocity gradient below the DSC axis. Below the WGCW core, the Davis
Strait region is occupied by Baffin Bay Deep Water (BBDW). This water
mass fills most of Baffin Bay below about 700 m, and is formed by
sinking Arctic Water that enters northern Baffin Bay through Smith
Sound (Bailey, 1956). BBDW is even colder and less saline than NSOW,
having a temperature less thao 0.81C and a nearly uniform salinity of
34.450/oe (Palfrey, 1968). Some BBDW boluses pulse over Davis Strait
into the northern Labrador Sea to join the southerly flow of NSOW
under the Labrador Current. BBDW can cause a sound velocity minimum
or an isovelocity layer in the Davis Strait region and in southern
Baffin Bay below the WGCW core. At a depth of about 800 m, the sound
velocity shown in figure 23 is about 16 m/sec less than in the West
Greenland Current (figure 22) and about 13 m/sec less than in the
Labrador Sea gyre (figure 21 owing to the effects of BBDW.

(U) Figure 23 is specific only for oceanographic conditions
in the immediate environs of Davis Strait (approximately 650 N to 670 N).
An intense transitional zone occurs in the northern Labrador Sea be-
tween about 63*N and Davis Strait. In this transition zone, BLCW
mixes with NGCW, obliterates most of the surface effects of the West
Greenland Current, and causes WGCW to sink. This mixing can lead to
complex and spurious sound velocity structures above and below the
DSC axi.. Furthermore, sinking WGCW and NACW below 500 to 600 m
rapidly mix out boluses of BBDW that penetrate over Davis Strait sill.
Mixino of BBDW with WGCW and NACW can cause abrupt changes in the near-
bottom sound velocity structure.

(U) In central Baffin Bay (figure 24), oceanographic conditions
are much less complex than those in the environs of Davis Strait. The
upper 10 to 20 m of the water column in central Baffin Bay during summer
frequently has a well-developed thermal mixed layer with temperature
differences as great as 2°C. This thermal layer is superimposed on an
extremely strong halocline (0.4°/oo or more per meter). These two
factors combiue to form a strong positive sound velocity gradient in
the near-surface layer (about 1.3 m/sec/m in the case of figure 24).
Surface effects of the West Greenland Current are confined to a narrow,
poorly defined band off the west coast of Greenland. In central Baffin
Bay, the Baffin Land Current is most pronounced off the east coast of
Baffin Island, since its primary source is Lancaster Sound. This
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results in a gyre in the center of Baffin Bay that circulates extremely
cold, dilute BLCW. The DSC axis (50 m) coincides with the BLCW core.
Sound velocity at the axis approximates that found in the Davis Strait
region, but can be somewhat greater because of increased summer in-
solation in the Baffin Bay gyre. A strong thermocline and halocline
occur between the bottom of the BLCW layer and the warmer, more saline
WGCW core. This core is still present in central Baffin Bay, but in
a much diminished form with temperatures nearly 2.0*C colder and
salinities nearly 0.2'o/( less than those in Davis Strait (figure 23).
In most of central Baffin Bay, WGCW causes an abrupt change in the
slope of the positive velocity gradient below about 400 m. BBDW
occupies the entire Baffin Basin below a depth of about 700 m. The
extremely low temperature and salinity of this water mass and the
well-developed surface mixed layer combine to cause anomalously deep
critical depths over much of tne Baffin Basin. Figure 24 represents
general oceanographic conditions between about 71ON and 74 0 N. Between
Davis Strait and 71'N, the upper 200 m of the water column is similar
to that shown in figure 24, but WGCW is present in greater unmixed
concentration between about 300 and 800 m. In this region, WGCW can
cause a sound velocity maximum below the DSC axis and shallower critical

I depths than those in central Baffin Bay.

(U) In the region south of the Carey Islands (figure 25),
the general oceanography is similar to that found in central Baffin
Bay with two notable exceptions: the Baffin Land Current and BBDW
are no longer present. In this region, the Baffin Land Current is
replaced by the higher salinity Arctic Water Current (figure 4B)
emanating from Smith Sound and BBDW is in the process of formation.
The DSC axis (70 m) coincides with the Arctic Water core and occurs
at slightly greater depths than in Central Baffin Bay. Only a
slight remnant of well-mixed WGCW is found Just above the bottom south
of the Carey Islands. The sound velocity profile in figure 25 shows
a perturbation below the DSC axis that roughly corresponds with a
"temperature maximum and minimum in the same depth range. This sound
velocity perturbation may be caused by mixing of WGCW and sinking
Arctic Water. At most depths below the DSC axis, sound velocities
shown in figure 25 are lower than those found in central Baffin Bay
(figure 24), largely due to cold Arctic Water throughout the water
column. Generally speaking, figure 24 represents oceanographic
conditions throughout northern Baffin Bay and southern Smith Sound.

(U) In sunmnary, the overall sound velocity structure along
the station B to Carey Islands track is least complicated in the
Labrador Sea gyre, most complicated in the region between about 63°N
and 711N, and of intermediate complexity in central and northern Baffin
Bay and in the immediate vicinity of station B. The greatest overall

IP complexity in sound velocity strueture occurs itmmediately south of the
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Davis Strait sill (figure 23), where conditions are even more confused
than those in the primary OPAREA. Extreme differences in sound velocities
occur at all depths across Davis Strait, particularly at the DSC axis.
Generally speaking, sound velocity at the DSC axis is greater than
1472 m/sec just north of the Subarctic Convergence and in the region
between about 61°N and 630N (West Greenland Current). The sound velocity
at the DSC axis lies between 1460 and 1468 m/sec in the Labrador Sea gyre
and between 1450 and 1472 m/sec in the intense transition zone south of
Davis Strait (northern Labrador Sea). North of Davis Strait, sound
velocity at the DSC axis is always less than 1450 m/sec and can be less
than 1442 m/sec in regions of strong Baffin Land Current or Arctic Water
Current influence.

B. Variability of Sound Velocity at Station E

(C) During Phase III of NORLANT-72, QUEST took a series of 8
T-7 XBTs during a 48-hour period on 24-26 August in the central Labrador
Sea within about 20 nm of station E. Figure 26 shows a time series plot
and a contoured presentation of these data. The time series plot and
the contoured section extend to a maximum depth of about 1000 m. Data
used in figure 26 are identified in. table XII. Locations of these data
relative to station E are shown in an insert to figure 26. Since QUEST
was moving northeastward during most of the occupation, the sound
velocity variability shown in figure 26 is a result of both temporal
and spatial variability in the environment.

(C) During the station E occupation, the maximum depth of the
DSC axis (80 m) occurred on profile 8, as did the maximum sound velocity
at the DSC axis (about 1467 m/sec). The minimum depth and sound velocity
at the OSC axis (40 m and about 1461 m/sec) occurred on profile 5. At
station E, the DSC axis coincided with the temperature minimum in t'e
LCW core. During the occupation, critical depth varied between 510 and
780 m and was sufficiently shallow to allow unrestricted convergence zone
propagation from a near-surface source. The following sound velocity
profile statistics summarize conditions over the 48-hour occupation:

NO. OF
MINIMUM MEAN M AXIMUM RANGE OBS.

MLV 1475.5 1476.6 •477.2 1.7 8
W(msec)

DSCD 40 60 80 40
(M)

DSCV 1460.9 1462.9 1467.1 6.2 8
N(i/sec)

CD 510 660 780 270 a
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RANGE FROM
DATE TIME LAT LONG STATION E

PROFILE XBT NUMBER (1972) (GMT) (ON) (OW) (nm)

1 QUEST 7 24 Aug 0000 59003' 51006' 4

2 QUEST 9 24 Aug 1300 59005' 510161 10

3 QUEST 10 24 Aug 1800 59008' 51012' 10

4 QUEST 11 25 Aug 0000 59008' 51010' 9

5 QUEST 12 25 Aug 0600 59011' 50*54' 12

6 QUEST 13 25 Aug 1200 59010' 50*54' 11

7 QUEST 14 25 Aug 1800 59115' 500451 17

8 QUEST 15 26 Aug 0000 59016' 5042' 19

Note: Noinin~l position of station E is 59°00'N, 51000'W

TABLE XII. IDENTIFICATION OF OBSERVATIONS USED IN PHASE III
TIME SERIES STUDY AT STATION E (U)
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(U) Variations in the maximum sound velocity in the mixed
layer and in the depth of the DSC axis were much less than those at
station B during Phases I and II of theexercise (figure 11). This
is due to the greater stability of the nea"-surface layer in the
Labrador Sea gyre and the relatively constant degree of surface in-
solation found during late summer. However, variations in critical
depth were of the same magnitude as those at station B during Phases I
and II. This indicates variability in the sound velocity structure
below about 500 m, and further indicates that critical depths at
station E were more dependent on the positive velocity gradient
below the DSC axis than on near-surface temperatures. Variation
in the sound velocity at the DSC axis was greater at station E
during Phase III than that at station B during either Phase I or II.
This could be caused by intrusions of WGCW near the depth of the DSC
axis or by internal motion. There is some evidence for internal waves
with an approximately 18-hour period at station E in the form of the
various sound velocity isolines below the DSC axis. However, intrusions
of WGCW are a more likely explanation for the observed variations in
sound velocity at the DSC axis. During the first 24 hours of the
occupation, sound velocities in the upper 200 m of the water column
were generally less than those during the second half of the occupation.
The four profiles for the second half of the occupation (profiles 5
through 8) all lay to the northeast of station E, towards the main
flow of the West Greenland Current (figure 4A). If an intrusion of
WGCW occurred during the 48-hour occupation of station E, these pro-
files would show the most pronounced effects of this intrusion. Sound
velocity perturbations below the DSC axis on most of the profiles
further indicate an intrusion of WGCW. The suspected WGCW intrusion
may represent the initial turning of the West Greenland Current to
the south and west to form the Labrador Sea gyre.

C. Variability of Sound Velocity at Station -3

(C) QUEST also took a series of 9 T-7 XBTs during a 48-hour
q " period on 28-30 August within 20 nm of a station in the northern

Labrador Sea. This is station Q-3 according to the operation plan for
Phase III of NORLANT-77 (Naval Underwater Systems Center, 1972).
Figure 27 shows a tire series plot and contoured presentation of these
data, both of which extend to the bottom (850 m according to NAVOCEANO
NAR chart 4). Data used in figure 27 are identified in table Xli!.
Locations of the data relative to station Q-3 are shown in an insert
to figure 27. Station Q-3 is located in the northern part of the
intense oceanographic transition zone south of Davis Strait. In this
transition zone, BLCW mixes with WGCW in the upper water colu~m, and
NACW and sinking WGCW mix with boluses of BROW below 500 to 600 m. This
can result in abrupt changes in sound velocity structures throughout the
water column within relatively short distances. Furthermore, a strong
horizontal front occurs in this region at depths of 100 to 300 m. This
front marks the bottom of the BLNI layer and is a possible source of
internal waves.
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RANGE FROM
DATE TIME LAT LONG STATION Q-3

PRO7ILE XBT NUMBER (1972) (G1MT) (-N) ('W) (nm)

1 QUEST 27 28 Aug 0410 64037' 55052' 23

2 QUEST 28 28 Aug 0800 64059' 56011 4

3 QUEST 29 28 Aug 1200 65'08' 56'25' 12

4 QUEST 30 28 Aug 1800 64055' 55049' 7

-~5 QUEST 31 29 Aug 0000 65000' 56007' 3

6 QUEST 32 29 Aug 1230 64'53' 560041 7

7 QUEST 33 29 Aug 1800 64*43) 5f02 20

8 QUEST 34 30 Aug 0000 64'42' 55'57' 18

9 QUEST 35 30 Aug 04C* 65'21' 55057' 21

Not~e: Nomi na I position of station Q-3 is 65'00'N, 56"000'W

TABLE XIII. IDENTIFICATION OF OBSERVATIONS USED IN PHASE III
TIM4E SERIES STUDY AT STATION 0-3 (U)
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(C) The following sound velocity profile statistics sunrmarize
conditions duri,• the 48 hour occupation of station Q-3:

NO. OF
MINIMUM MEAN MAXIMUM RANGE OBS.

MLV 1458.6 1461.5 1466.9 8.3 9
(m/sec)

DSCD 40 60 80 40 9(in)

DSCV 1443.2 1446.7 1451.1 7.9 9
(m/sec)

CD 180 220 270 90 9
(W)

The maximum depth of the DSC axis (80 m) occurred on profiles I a-d 9,
while the maximum sound velocity at the axis (about 1451 m/see!
occurred on profile 1. Sound velocity at the axis on profile was
only 0.5 m/sec greater than that for profile I The minimum depth of
the axis (40 m) occurred on profiles 6 and 8, while minimum sound
velocity at the axis (about 1443 m/sec) was found on profile 4. The
diverse positions of these five profiles is an indication of extreme
temporal and spatial variability in sound velocity at station Q-3.
The DSC axis at this station coincided with the temperature minimum
in the BLCW core. Both the depth and sound velocity at the DSC ayis
showed a 10- to 14-hour periodicity during the occupation, ind~icating

possible effects of internal waves. Effects of internal waves also
are evident in the form of the 1460 through 1480 m/sec sound velocity
isolines below the DSC axis. These internal waves probably were generated
along the front marking the bottom of the BLCW laver, and have a period
appro;ximating that of diurnal tides in the northern Labrador Sea
(NAVOCEANO, 1965a). However, internal waves are not solely responsible
for thv observed variability in DSC structure. During the 5.5-hour
period between 1230 and 1800 on 30 August the sound velocity at the
DSC axis varied by 4.2 m/sec while the depth of the DSC axis remained
at a constant 45 m. This variation is not a result of internal motion,
but probably was caused by an intrusion of WGCW into the Baffin Land
Current. The total variability in DSC structure at station Q-3
apparently was the result of temporal and spatial variations in the
environment (i.e., caused by internal waves and intrusions of WGCW into
the Baffin Land Current). Critical depths varied between 180 and 270 m,
and also showed a 10- to 14-hour periodicity during part of the occupation
of station Q-3. During the entire occupation, depth excess was adequate
for convergence zone propagatiGn from a near-surface source despite the
shallow bottom depth (850 m).
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(U) Overall variations in maximum sound velocity in the mixed
layer and the sound velocity at the DSC axis at station Q-3 were greater
than those at station E during Phase III (figure 26) or at station B
during either Phases I or Ii (figure 11). This indicates that the
sound velocity structure of the upper water column is more complex
in the northern Labrador, Sea than in the central Labrador Sea or in
the region immediately north of the Subarctic Convergence. The
statistics on the depth of the DSC axis at station Q-3 were identical
to those at station E during Phase III. The DSC axis probably re-
presents the maximum depth of summer warming at both stations.

* Variation in critical depth at station Q-3 was less than that at
station E during Phase III, despite the much greater variation in
near-surface sound velocity at station Q-3. This indicates that
critical -dpths at station Q-3 are more dependent on the positive
velocity gradient below the depth of the DSC axis thar on near-surface
temperatures, and that critical depth was relatively stable south of
Davis Strait. At station Q-3, critical depth occurs at the approximate
depth of the horizontal front demarking the bottom of the BLCW layer.
Below the depth of this front, the sound velocity structure showed
substantial variation due to mixing of NACW and sinking WGCW with
boluses of BBDW descending south from Davis Strait. The nearly iso-
velocity layer near the bottom on several profiles shown in figure 27
probably was the result of BBDW boluses mixing with NACW below the
depth of the WGCW core. The WGCW core also caused the marked chdr-ge in
positive sound velocity gradient at depths below 400 m at station Q-3.

• U) The 7.9 m/sec variation in sound velocity at the DSC axis
duling the 48-hour occupation of stat'on Q-3 is of the same general
magnitude as the 9.5 m/sec variation in this parameter at station 0
over about 48 hours during Phase I (figure 10). The magnitude of
both variations is approximately double that at station B during
Phases ' or II. At station D, about 45% of the total variability in
DSC structure was attributable to internal wave action, the remaining
55% to spatial variations in the position of the Subarctic Convergence.
At station Q-3, probably about half uf the variability in DSC structure
was caused by internal waves. The other half apparently resulted from
intrusions of WGCW into the Baffin Land Current. About 60 nin north of
station Q-3 on the southe~rn edge of Davis Strait, oceanographic con-
ditions are even more complex than those at ,tation Q-3 or in the
prinary OPAPEA (figure 23). Even greater variability in DSC structure
would be exiected at about 66°N than 60 nm southward at station Q-3.

D. Sound Velocity Structure Between Station B and Carey Islands

(C) Figure 28 shows a series of 39 sound velocity profiles
plotted at their position of observation along a tvack from station 8
to Carey Islands, Baffin Bay, during Phase III of the exercise and a
contoured cross section of these same data. This section is not a
straight line, but iadher a series of six doglegs that describe the
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track of QUEST (figures 4A and 4B). The sound velocity profiles ex-
tend to a maximum depth of 2000 m in the case of profile 1 and to a
maximum depth of about 850 m for the remainder of the observations.
The contoured sound velocity cross section extends to a depth of 1000 m.
Observations used in figure 28 are identified in table XIV. The bathy-
metric profile shown in this figure was taken from the following
sources:

* NAVOCEANO NAR Chart 4,

S*e NAVOCEANO Bathymetric Contour (BC) Chart 415,

* General Bathymetric Chart of the Ocean (GEBCO) Chart B-l, and

* Canadian Hydrographic Service Chart 896 (Arctii Bathymetry
north of 720, 00 to 900W).

The three major physiographic features along the track are the Labrador
Basin, the Davis Strait sill, and the Baffin Basin.

(C) Since figure 28 extends 1500 nm across several distinct
and diverse Gceanographic regimes, it will be discussed in the following
5ections:

1. Near-Subarctic Convergence section, ranging 140 nm
northwestward from station B (about 540N to 560N along the figure 28
track),

2. Labi :dor Sc-- 4yre section, ranging from 140 to 520 m
(about 560N to 610N),

3. West Greenland Current section, ranging from 520 to
620 nm (about 610N to 634N),

4. North Labrador Sea section, ranging from 620 to
760 nm (about 630N to 654N),

5. Davis Strait section, ranging from 760 to 880 nm
(about 650N to 670N),

6. Southern Baffin Bay section, ranging from 880 to
1130 rum (about 670N to 71N),

7. Central Baffin Bay section, ranging from 1130 to
1380 nm (about 71ON to 750N), and

8. Northern Baffin Bay section, ranging from 1380 nm to
the Carey Islands (about 750 N to about 76045 N).
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DATE TIME LAT LONG
PROFILE XBT NUMBER (1972) (GMT) - 0N) (ow)

1 SANDS 122 1 Sep 0010 53058' 44046'

Q' 2 SANDS 120 21 Aug 1600 540251 45057'
3 SANDS 119 31 Aug 1200 54050' 46048'
4 SANDS 118 31 Aug 0800 55017' 47055'
5 QUEST 1 22 Aug 2011 550551 47037'
6 QUEST 3 23 Aug 0400 56038' 47030'

} 7 QUEST 4 23 Aug 1200 570371 48051'
8 QUEST 5 23 Aug 1600 58007' 49040'
9 QUEST 6 23 Aug 2000 58036' 50025'
10 QUEST 7 24 Aug 0000 59003' 51006'
11 QUEST 16 26 Aug 0400 590291 51030'
12 QUEST 17 26 Aug 0800 600001 52014'
13 QUEST 18 26 Aug 1200 60023' 53007'
14 QUEST 21 27 Aug 0300 500531 54004'
15 QUEST 22 27 Aug 0800 61031' 54014'
16 QUEST 23 27 Aug 1240 62023' 54038'
17 QUEST 24 27 Aug 1600 62053' 54059'
18 QUEST 25 27 Aug 2000 630321 55015'
19 QUEST 26 28 Aug 0200 640131 550441
20 QUEST 27 28 Aug 0410 640371 55052'
21 QUEST 29 28 Aug 1200 650081 56025'
22 QUEST 36 30 Aug 0800 650551 550561
23 QUEST 39 31 Aug 0045 66 0 25' 57056'
24 QUEST 40 31 Aug 0410 660561 58023'
25 QUEST 41 31 Aug 0800 67040' 58054'
"26 QUEST 42 31 Aug 1200 680231 59015'
27 QUEST 43 31 Aug 1600 680581 60003'
28 QUEST 44 31 Aug 2000 690321 600141
29 QUEST 45 1 Sep 0000 700051 61007'
30 QUEST 48 1 Sep 2115 70035' 61040'
31 QUEST 51 2 Sep 1215 710081 630141
32 QUEST 52 2 Sep 1GO0 710343 65009'
33 QUEST 53 2 Sep 2000 72000 67000'
34 QUEST 56 4 Sep 0415 73005' 65000'
35 QUEST 57 4 Sep 0800 730381 64035'
36 QUEST 60 5 Sep 0000 74°181 66012'
37 QUEST 61 5 Sep 0400 74040' 68029'
38 QUEST 64 5 Sep 1800 74059' 71000'
39 QUEST 65 6 Sep 0000 75027' 70028'

TABLE XIV. IDENTIFICATION OF OBSERVATIONS USED IN STATION B TO
CAREY ISLANDS CROSS SECTION (PHASE III) (U)
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All eight sections are indexed in figures 4A and 4B. Sections 1, 2, 3,
5, 7, and 8 are represented by T-S/sound velocity comparisons that
have been discussed previously (figures 7, 21, 22, 23, 24, and 25,

4 respectively). Sections 4 and 6 are regions of transition located on
either side of Davis Strait. Sound velocity profile statistics on the
maximum sound velocity in the mixed layer, the depth and sound
velocity of the DSC axis, and critical depth for each of the eight
sections are summarized in table XV. Statistics for sections 3, 5,
and 8 may be misleading owing to the small number of observations.

(U) Section 1 of figure 28 extends northwest of station B to
a range of about 140 nm and includes profiles 1 through 5. Although
the entire section lay on the cold side of the Subarctic Convergence
during Phase III of NORLANT-72, it was influenced by a tongue of the
North Atlantic Current gyre (figure 4A), particularly at a range of
about 80 nm from station B. A mixed layer occurred along the entire
section between depths of 20 and 50 m and at sound velocities between
about 1479 and 1488 m/sec. The mixed layer was best defined near the
Subarctic Convergence. The depth of the DSC axis varied between 100
and 180 m and generally decreased to the northwest. The sound velocity
at the axis decreased to the northwest from about 1472 m/sec near the
Subarctic Convergence to about 1466 m/sec at 560N. Critical depth
varied between 820 and 1250 m and generally decreased to the northwest
of station B. Along this section, the DSC axis coincided with the
bottom of the ASaW layer (figure 7), and the positive sound velocity
gradient below the DSC axis was relatively free of perturbations. The
effect of the Subarctic Convergence can be seen in the domed sound
velocity structure on either side of profile 2 below the axis.

(U) Section 2 of figure 28 extends northwestward across the
Labrador Basin between ranges of 140 and 520 nm from station B, and
includes profiles 6 through 14. Station E lies in the approximate
center of this section. The entire section lay within the relatively
stable Labrador Sea gyre during Phase Il1, and was bounded on the
north by a strong oceanographic front demarking the southwest wall
of the West Greenland Current. This front extended to depths of at
least 500 m. A mixed layer occurred throughout the section at about
40 m depth with sound velocities between about 1474 and 1482 m/sec.
This mixed layer was best developed in the northern half of the section.
The depth of the DSC axis varied between 60 and 80 m and did not show
any marked dependence on increasing latitude. Sound velocity at the
axis generally decreased to the northwest from greater than 1465 m/sec
at 560N to less than 1460 m/sec along the West Greenland Current front.
Depth and sound velocity at the axis showed less variation in section 2
than in section 1 because of more stable oceanographic conditions in
the Labrador Sea gyre. Critical depth varied from 1060 to 390 m
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northwest across the Labrador Basin. The 670 nm variation in critical
depth observed over section 2 (maximum for any section) was mainly
caused by variations in the positive sound velocity gradient below the

t DSC axis. In this section, the DSC axis coincided with the depth of
the temperature minimum in the LCW core (figure 21). Frequent
perturbations in the sound velocity profile immediately below the

Y• axis probably were caused by intrusions of WGCW into the Labrador Sea
gyre. Such intrusions were observed durig a 48-hour occupation of
station E in Phase III (figure 26). Mean values of maximum sound
velocity in the mixed layer, the depth and sound velocity of the DSC
axis, and critical depth at station E agreed well with mean values
of these parameters over the extent of section 2. This indicates
that station E was a representative site for the Labrador Sea gyre
during Phase III.

(U) Section 3 of figure 28 extends up the continental slope
of the northern Labrador Sea between ranges of 520 and 620 nm from
station B. This section includes profiles 15, 16, and 17. Section 3
lay within the flow of the West Greenland Current during Phase III,
and was bounded on the south by a strong oceanographic front
separating this relatively warm, high-salinity current and the
colder, less saline Labrador Sea gyre. At about 63 0 N this section
merged into the intense northern Labrador Sea transition zone. A
mixed layer occurred on all three profiles at a depth of about 40 m
with sound velocities between about 1469 and 1476 m/sec. The depth
of the DSC axis fluctuated between 60 and 80 m across the section,
while sound velocity at the axis varied from about 1474 m/sec (profile 15)
to about 1469 m/sec (profile 16) over a distance of about 44 nm. Critical
depth continued to shoal to the north from 270 m at about 61°N to 100 m
at about 630 N. Profile 15 represents the maximum effects of the West
Greenland Current along the station B to Carey Islands track and
generally agrees with historical summer data for the West Greenland
Current in the northern Labrador Sea shown in figure 22 and in
NAVOCEANO (1965b). Sound velocity at the DSC axis on profile 15
was about 15 m/sec greater than that on profile 14 (section 2).
These two profiles were separated by the strong West Greenland
Current/Labrador Sea gyre front. This front caused the closure of
the 1460 through 1472 m/sec sound velocity isolines and resulted in
the pronounced domed structure of the 1474 through 1480 m/sec iso-
lines below the DSC axis. Profile 14 is atypical for the Labrador
Sea gyre and probably lay in a detached, well mixed gyre of the Baffin
Land Current that penetrated the Labrador Sea gyre during Phase III.
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(U) Section 4 of figure 28 extends up the relatively shallow
continental slope south of Davis Strait between ranges of 620 and
760 nm from station B, and includes profiles 18 through 21. Station Q-3
lies at the northern end of this section. This section crossed the
intense oceanographic transition zone in the northern Labrador Sea
found during Phase III. Since profile 17 represents the effects
of the West Greenland Current in this transition zone, the profile has
been included in all section 4 sound velocity profile statistics.
Within this transition zone, the Baffin Land Current mixes with and
obliterates the surface effects of the West Greenland Current. This
leads to sinking of the WGCW core. Below about 500 m, sinking WGCW
and NACW mix with and obliterate boluses of BBDW descending from
the Davis Strait sill. In addition, tidal effects in the relatively
shallow water south of Davis Strait can induce formation of internal
waves along the horizontal front that marks the bottom of the BLCW
layer.

(U) Extremely large temporal and spatial variations in the
overall sound velocity structure occurred south of Davis Strait during
Phase III. A mixed layer occurred on four of the five sound velocity
profiles at a depth of about 20 m, and was best developed on the
northern two profiles of the section. Over the section as whole,
sound velocity at the mixed layer showed a variation of 10.8 m/sec,
the maximum such variation on any section of figure 28. This extreme
variation was caused by intense mixing in the near-surface layer. The
depth of the DSC axis varied between 40 and 80 m and coincided with
the BLCW temperature minimum on all five profiles. Sound velocity
at the axis varied from less than 1467 m/sec on profile 17 to about
1446 m/sec on profile 21. Critical depth increased from 100 m at
about 63 0N to 220 m at about 654N and generally corresponded to the
horizontal front marking the bottom of the BLCW layer. A similar
situation was observed at station Q-3 during Phase III (figure 26).

(C) The 20.9 m/sec variation in sound velocity at the DSC axis
across section 4 is the maximum variation in this parameter found any-
where in the exercise area. This variation is more than twice the
magnitude of that at station Q-3 during Phase III (figure 26). It is
also about twice the maximum variation in the sound velocity at the DSC
axis found in the primary OPAREA (9.5 m/sec at station D during Phase I,
figure 10). This remarkably large variation occurred over a distance
of about 155 nm within 20 hours. Such a phenomenal amount of change
could only be the result of tremendous amounts of mixing between
various intrusive water masses. Much of this mixing must have been
induced by internal waves. This mixing is apparent in the irregular
and varied shapes of sound velocity profiles 17 through 21 and in the
confused pattern of sound velocity isolines throughout section 4. The
intense sound velocity variability south of the Davis Strait should
have pronounced effects on sound transmission.
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(C) Section 5 of figure 28 spans the shallow Dcvis Strait sill
between ranges of 760 and 880 nm from station B, and includes profiles
22, 23, and 24. The overall sound velocity profiles in this region were
very complex, but only below the DSC axis. Various perturbations in the
positive sound velocity gradient below about 100 m were caused by
inflowing WGCW, outflowing BBDW, or mixing of these water masses
(figure 23). A well-developed mixed layer occurred in all three
profiles at about 20 m depth and at sound velocities between about
1451 and 1461 m/sec. The 10.2 m/sec range in the sovn'd velocityat
the mixed layer was caused by mixing between the West GreenlanC
Current and Baffin Land Current in the near-surface layer. The ean
depth of the DSC axis was 70 ra. Sound velocity at the axis varieý
between about 1441 and 1446 m/sec. The magnitude of this variation is
about one-fifth that of section 4. The greater stability of the DSC
axis along section 5 was due to the overwhelming presence of BLCW
at depths of about 30 to 200 m. On all three profiles, the DSC axis
coincided with the BLCW temperature minimum. Critical depth in
section 5 varied between 140 and 240 m owing to variations oelow the
BLCW core and variations in the near-surface layer. The near-bottom
sound velocity maximum on profile 23 was caused by WGCW flowing north-
ward over the Davis Strait sill into southern Baffin Bay. The near-
bottom isovel:ity layer on profile 24 resulted from mixing of WGCW
and BBDW. Ynflow of WGCW over the Davis Strait sill is evident in
the form of the 1464 through 1472 m/sec sound velocity isolines below
the DSC axis, particularly in the region just north of the Davis
Strait sill. Although near-bottom flow does not directly affect
critical depth over the Davis Strait sill, limited depth excess (less
than 200 m) and variation of the near-bottom sound velocity profile
could impede underwater sound transmission between the Labrador Sea
and Baffin Bay during Phase III.

(U) Section 6 of figure 28 extends generally north-northwestward
across southern Baffin Bay between ranges of 880 and 1130 nm from
station B, and includes profiles 25 through 30. In this region, the
upper 200 m of the water column are dominated by BLCW. Between about
200 and 700 m, BBDW mixes with a tongue of inflowing WGCW and eventually
winnows out most of the WGCW core. Below about 700 m, southern Baffin
Bay is occupied by relatively uniform BBDW. During Phase III, a well-
developed mixed layer was found on all profiles in this sertifý ut
10 to 20 m depth with sound velocities between about 1452 and 1459 r/sec.
On profile 25, sound velocity varied from 1441.6 m/sec at the surface to
1457.7 m/sec at 20 m (gradient of about. 0.8 m/sec/m). This was the
maximum such gradient observed in the NORLANT-72 data and was caused
by a temperature maximum inbedded in an extremely strong halocline.
Even stronger positive sound velocity gradients in the near-surface
layer were observed in historical data (figure 24). The DSC axis
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• generally deepened to the north across section 6 from 40 m at about
670 N to 90 'm at about 71°N. This abnormal increase probably was
caused by a less pronounced flow of the Baff in Land Current in the

•!+ northern part of the section (southern edge of Baffini Bay gyre).
Sound velocity at the DSC axis varied between about 1440 and 1445 rn/sec,

S~and was generally less in the southern part of the section. Critical
•i depth remained relatively constant across the section (mean depth of

S~220 m) and corresponded to the horizontal front marking the bottom of
the BLCW layer. Below about 300 m, the northerly flow of WGCW is

• strongly indicated by the shapes of the 1464 through 1472 mn/sec
this inflow apparently was forced to rise in the water column byson eoiyioie.A ag faot16 mfo s atinB

Sflow of BBDW (sound velocities less than 1467 rn/sec). Mixing of WGCW
••i and BBDW caused extremely irregular sound velocity structures below

about 300 m throughout southern Baff in Bay.

• (U) Section 7 of figure 28 extends north-northwestward to
northwestward across central Baff in Bay at ranges between 1130 and

S~1380 nm from station B, and includes profiles 31 through 36. This
section lies over the relatively deep water of B~ffin Basin and within
the Baff in Bay gyre, The upper 200 m of the water column along

section 7 is dominated by the Baff in Land Current. However, in central
Baffin Bay, this current is far better defined off the east coast of
Baffin Island (figure 48). In central Baffin Bay, the WGCW core is
much less pronounced than the core farther to the south. The entire

•;• Baffin Basin below about 700 m is occupied by BBDW. During Phase III,
•i• a well developed mixed layer at depths of 10 to 20 m was found on all

profiles at sound velocities between about 1462 and 1469 rn/sec. Mean
S~sound velocity in the mixed layer in section 7 exceeded that in
•.. sections 4, 5, or 6, due to d~creased surface effects of the Baffin
• Land Current and extremely low salinities in the upper 20 m of the
ii~i•water colui1rn (generally less than 300/oQ, figure 24). The depth of
S~the DSC axis varied between 40 m on profile 35 and 130 m on profile 36.

This 90-rn variation (maximum varlitlon for any section of figure 28)
i probably caused by variations in the flow of the Baffin Land Current.
•; Sound velocity at the DSC axis generally increased to the north from
•i about 1440 rn/sec on profile 31 to about 1444 mn/sec on profile 36.
. Mean critical depth for section 5 (750 m) was greater than that on
+, any other section except section 1. Anomalously deep critical depths

in central Baffin Bay were caused by an increase in the sound velocity
•iof the near-surface layer and the predorninance of cold, dilute BBDW over
i WGCW at intermediate depths. Critical depth approximately corresponded

• to the top of the BBDW layer throughout the section. The large variation
•. in critical depth (540 rn) along section 7 was caused mainly by changes
•• in the near-surface sound velocity structure. The marked change in the

positive sound velocity gradient between about 300 and 500 m corresponded
to the depth of the much diminished WGCW core in central Baffin Bay.
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(C) The final section (section 8) of figure 28 extends north-
westward from a range of 1380 nm from station B to the Carey Islands
in northern Baffin Bay. This section includes profiles 37. 38, and 39.
The general sound velocity structure of northern Baffin Bay is similar
to that in central Baffin Bay despite the absence of the Baffin Land
Current and BBDW. These water masses are replaced by Arctic Water
from Smith Sound. Only a slight, well-mixed core of WGCW is present
south of the Carey Islands (figure 25). During Phase Ill, a mixed
layer at about 10 m depth was found on all three profiles at sound
velocities of about 1458 to 1460 m/sec. The variation in the maximum
sound velocity in the mixed layer (2.5 m/sec) was the minimum such
variation found in any section due to the surface stability of the
Arctic Water Current. The depth of the DSC axis decreased to the
north across section 8 from 110 m on profile 37 to 50 m on profile 39
and coincided with the temperature minimum in the Arctic Water core.
The sound velocity at the axis also decreased to the north, but
varied only 0.7 m/sec. This extremely small variation (minimum for
any section of the track) further indicates the stability of the
Arctic Water Current. Sound velocity perturbations below the DSC
axis on profiles 37 and 38 probably were caused by mixing of Arctic
Water and the well-mixed WGCW core. Critical depth also decreased to
the north along section 8 from 390 to 280 m and generally corresponded
to the bottom of the Arctic Water layer. However, owing to the shallow
bathymetry of northern Buffin Bay, convergence zone propagation from
a near-surface source probably was impeded north of about 750N during
Phase I1l.

(C) Over the 1500 nm track from station B to Carey Islands in
northern Baffin Bay, maximum sound velocity in the mixed layer varied

*1 from 1487.7 m/sec (near station B) to 1451 m/sec (in Davis Strait).
The maximum value of this parameter was found in close proximity to
the North Atlantic Current gyre, the minimum occurred in the Baffin
Land Current. The depth of the DSC axis varied from 180 m (near
station B) to about 40 m at several locations north of Davis Strait
and frequently coincided with the depth of a temperature minimum in
the LCW, BLCW, or Arctic Water cores. However, the relatively constant
depth of the axis along the track (variation of only 140 m) indicates
that this parameter generally corresponded to the maximum depth of
summer warming in the region northwest of the primary OPAREA. Sound
velocity at the OSC axis varied from 1473.8 m/sec (in West Greenland
Current) to 1440.2 m/sec (in central Baffin Bay), a total variation
of 33.6 m/sec. Critical depth generally shoaled from A250 m near
station B to 100 m south of Davis Strait. Over the Davis Strait sill
and in southern Baffin Bay, critical depth remained relatively constant
between 140 and 240 m. However, over the Baffin Basin, critical depth
increased markedly to a maximum of 920 m because of higher sound
velocities in the near-surface layer and the effects of extremely cold,
dilute BBDW. In northern Baffin Bay, the mean critical depth was 310 m.
Generally, critical depths along the track were as dependent on the
positive sound velocity gradient below the DSC axis as they were on
near-surface temperatures. Except for regions over the Davis Strait
sill and just south of the Carey Islands, depth excess was adequate
for convergence zone propagation from a near-surface source during
Phase III.
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(C) Along the entire track, overall sound velocity structure
was least variable in the Labrador Sea gyre (section 2) and most
variable south of Davis Strait (section 4). Sound velocity at the
DSC axis varied by 20.9 m/sec over z distance of about 155 nm south
of Davis Strait. This variation is about twice the magnitude of the
maximum variation found in the primary OPAREA and is more than three
times that at station E in the Labrador Sea gyre. Furthermore, this
variation is about two-thirds that over the track as a whole. Such a
phenomenal amount of variation can only be caused by intensive mixing
between several water masses. About half of this mixing probably is
induced by internal waves. An intense oceanographic transition zone
south of Davis Strait should have profound Effects on sound propagation
in the northern Labrador Sea and on transmission of underwater sound
from the Labrador Sea across Davis Strait into Baffin Bay during
summer.

SUMMARY

(C) From July through September 1972, 3 STDs, 6 CTD/SVs, 10 SVPs,
266 XBTs, and 154 AXBTs were collected in the Labrador Sea, Irminger
Sea, and Baffin Bay as part of the NORLANT-72 Exercise. These ob-
servations were collected during three phases that corresponded to
early, middle, and late sunver. Sound velocity profiles were
calculated for 163 XBT and AXBT traces using the equation of Wilson
(1960) and historical salinity correction factors. Agreement was
generally good between calculated sound velocity profiles and sound
velocities measured directly by the CTD/SV and SVP systems. However,
calculated sound velocities below the DSC axis were 0.5 to 1.0 m/sec
higher than measured values in several instances, possibly because of
an error in Wilson's equation and XBT system inaccuracies. Data were
adequate for intensive sound velocity analyses in the following
regions:

s The primary OPAREA (50N to 55*N between 44*W and 49*W)
including stations A, B, and 0,

* A track between station B and Denmark Strait,

* A track between station B and Reykjanes Ridge, and

e A track between station B and the Carey Islands in
northern Baffin Bay.

In the p-imrry OPAREA, data were collected during all three phases of
the exercise. On the track from station B to the Reykjanes Ridge, data
were available during Phases I and II. Data were adequate for analysis
during Phase I to the northeast of station B and during Phase III to
the northwest of this station.
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(U) During all three phases the primary OPAREA was dominated by
the meandering Subarctic Convergence. This strong oceanographic front
separated an unstable gyre of the relatively warm, saline North Atlantic
Current from the colder, less saline Labrador Sea gyre. Intensive
mixing of North Atlantic Central Water (NACW), Labrador Current Water
(LCW), and Atlantic Subarctic Water (ASaW) across the Subarctic
Convergence caused very complex and spurious sound velocity profiles
in the primary OPAREA throughout the exercise. Near-bottom sound
velocity profiles in much of the primary OPAREA were affected by a
flow of cold, dilute Norwegian Sea Overflow Water (NSOW) that enters
the western North Atlantic through Denmark Strait. This water mass
caused lower sound velGcities below a depth of about 2200 m that were
most pronounced in the North Atlantic Current gyre and under the main
flow of the Labrador Current, but did not directly affect critical
depths.

(C) At stations A, 8, and 0, the DSC axis coincided with the
bottom of the ASaW layer whether the stations lay on the warm or cold
side of the Subarctic Convergence. At station A during Phase Il1, the
depth of the DSC axis varied between 150 and 220 in, and sound velocity
at the axis varied from 1470.4 to 1474.7 rn/sec (variation of 4.3 m/sec).
At station 8 during Phases I and I, the depth of the DSC axis varied
between 80 and 360 m, while its sound velocity varied between 1469.3
and 1473.6 m/sec (also a variation of 4.3 m/sec). Station A lay astride
the Subarctic Convergence during Phase IlI, as did station B during
Phase I. During Phase I1, station r la; just ncrUt) of this front.
At station D during Phase I, the DSC axis varied between 100 and 380 m
during the total occupation and its sound velocity varied between
1466.7 and 1476.2 m/sec (a variation of 9.5 m/sec over less than
48 hours). Station D also lay astride the Subarctic Convergence during
Phase I, but in close proximity to the center of the unstable North
Atlantic Cutrent gyre. The unstable nature of this gyre and mixing
across the Subarctic Convergence were responsible for the maximum
variation in sound velocity at the DSC axis found anywhere in the
primary OPAREA. About 451 of the variation in USC structure at
station D during Phase I was attributable to temporal effects (mixing
induced by int "nal waves with a period approximating that of the
diurnal tide). The other 55A was due to spatial effects (changes
in the position of the meandering Subarctic Convergence). Depth
eAcess was adequate for convergence zone propagation from a near-
surface source at all three stations throughout the ,•xercise.

(C) Data were adequate during all three phases to construct a
sound velocity cross section from station B to station A (due south)
to Grand Banks (southwest of station A). This section crossed the
North Atlantic Current gyre and the Labrador Current northeast of
Grand Banks during each phase. A sporadic rixed layer at depths
between 10 and 70 m occurred along the track throughout the exercise.
This layer was best developed and most persistent during Phase Ill in
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response to increased surface insolation. The depth of the DSC axis
along the track remained somewhat similar during each phase, and
varied from a maximum of 320 to 420 m in the North Atlantic Current
gyre to a minimum of 30 to 50 m northeast of Grand Banks. In the
Labrador Current, the DSC axis coincided with a temperature minimum
in the LCW core. Sound velocity at the axis along the track showed
a significant variation between phases of the exercise. In the
North Atlantic Current gyre, this parameter varied between 1475.4 m/sec
(Phase I) and 1480.2 m/sec (Phase I11). In the Labrador Current, the
sound velocity at the axis varied between 1444.6 m/sec (Phase II)
and 1455.4 m/sec (Phase I). These variations are attributable to
changes in position of the Subarctic Convergence, fluctuations in
Labrador Current flow. and increased development of the North Atlantic
Current gyre. Critical depths along the track were about 400 m
deeper during Phase III than during Phase I owing to increased surface
insolation. However, depth excess along the entire track was adequate
for convergence zone propagation from a near-surface source during each
of the three phases of NORLANT-72, except at the southwest end of the
track (over the Grand Banks continental slope). Along the station B
to station A to Grand Banks section, sound velocity profiles were most
complicated in the North Atlantic Central gyre, least complicated in
the Labrador Current, and of intermediate complexity in numerous
tongues of the Labrador Sea gyre that protruded into the primary
OPAREA.

(U) Along that portion of the above section that extended due
south from station B to station A. temporal and spatial variations
in the depth and sound velocity at the DSC axis were greatest during
Phase I11 (260 m 'nd 8.9 m/sec, respectively) and least during Phase I
(130 m and 4.2 m/sec, respectively). This was caused by greater
developirent of the unstable North Atlantic Current gyre Letween
station B and station A during Phase III. Maximum variability in
sound velocity at the axis along the station B to station A track
(8.9 m/sec during Phase Il1) is of the same magnitude as the maximum
temporal and spaitial variation of this parameter at any station in
the primary OPAR;A (9.5 fifsec at staticn 0 during Phase I). These
variations are caused by the predominance of the unstable North
Atlantic Current gyre. About half the variability in DSC structure
at station D during Phase I was attributable to temporal variations

* •(by internal wave action). About half the variability in USC structure
encountered in the vicinity of stations A and B during NQRLANT-7/
probably was also temporal in nature, The other half probably was
caused by fluctuations in position of the Subarctic Convergence.

(C) Guring Phase I of NORLANT-?2, a line of XBWs and APUBTs were
collected between station B and a position just !.outh of Denmark Strait
in the Irsinger Sea. This track started in the North Atlantic Current
gyre just south of the Subarctic Convergence, spanned the Labrador
Current gyre, paralleled the Subarctic Convergence, and ended in
the relatively warm, saline Irrlnger Current. A variable fixed layer
occurred along the first half of the track •.t was generally absent
north of 60'N. The depth of the DSC ax s gen, rally Increased to the
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northeast from 70 m in the Labrador Current gyre to about 600 m at
540 N, 45 0W. In the Irminger Sea, the DSC axis coincided with the
bottom of the Irminger Current Water layer (a derivant of NACW).
Sound velocity at the axis also increased to the northeast from less
than 1465 m/sec to more than 1480 m/sec. Critical depth varied from
1150 m at station B to 520 m in the Labrador Sea gyre to 1640 m in the
Irminger Current. However, depth excess along the entire track was
adequate to ensure convergence zone propagation from a near-surface
source. At the northern end of the track, the near-bottom sound
velocity profile should be markedly influenced by NSOW overflow from
Denmark Strait. Historical data for th'3 region show a near-bottom
souud veloclty maximum corresponding to the top of the NSOW layeý
(Guthrie, 1964). Generally, the overall sound velocity structure was
most complicated in the Irmlnger Sea, least complicated in the Labrador
Saa gyre, and of intermediate complexity along the Subarctic Convergence.

(C) During Phases I and II of NGRLANT-72, two lines of XBTs were
"taken between station B and separate positions just east of the crest
of the Reykjanes Ridge. These two lines trended east-northeast and
due east of station B, respectively. The Phase I track started in the
North Atlantic Current gyre, spanned the Labrado)r Sea gyre, and then
crossed the Subarctic Convergence into the main flow of the North
Atlantic Current. The Phase II track started at the edge of the Labradov
Sea gyre and ended in the North Atlantic Current. A mixed layer was
absent along the Phase I track, but did occur between 20 and 40 m along
most of the Phase 11 track. The depth of the OSC axis over much of
be-th tracks was approximately the same and varied from about 1O0 m
at station B to about 300 m just east of the Reykjanes Ridge. At
tie eastern end of both tracks, the depth cf tile DSC axis increaspd
rapidly to about 600 m and coincided with the bottom of the NACW
layer. This occurred at about 35'W during Phase I and at about 301W
during Phase 1I. Between these locations, the DSC axis was as much
as 400 m deeper during Phase I than d.A)ing Phase I1. This anomalous
situation probably is the result of sensitivity of DSC axis depth to
temporal and spatial fluctuatio,• in the environment. Large-scale
flurtuations in sound velocity structure would be expected in the
upper 1000 m in the relatively shallow water over the eastern flank
of the Reykjanes Ridge because of mixing between NACW and transient
cells of Mediterranean Intermediate Water. Sound velocity at the
DSC axis along the track increased to the east from 1460.4 to
1477.0 m/sec during Phase I and from 146B.2 to 1480.9 m/sec during
Phase II. Greater sound velocities at the axis during Phase II were
m inly the result of the lesser extent of the Labrador Sea gyre to
the south and west. Critical depths along the station B to Reykjanes
Ridge t-ack were about 400 m deeper during Phase I1 than during Phase I
due to incredsed surface insolation. however, depth excess along both
tracks was adequate for convergence zone propagation from a near-surface
source, except over the crest of the Reykjanes Ridge. Generally, sound
velocity structure along the track was most complicated in the vicinity
of the Subarctic Convergence (just west of the keykjanes Ridge).
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(C) During Phase III of the exercise, a line of XBTs was taken
extending 1500 nm northwest of station B to the Carey Islands in
northern Baffin Bay. This track crossed the following distinct oceano-
graphic regihies:

1. Near-Subarctic Convergence (station B to about 560 N),

2. Labrador Sea gyre (about 56 0N to 61 0 N),

3. West Greenland Current (about 61°N to 63'N),

4. Northern Labrador Sea transition zone (a&out 63 0N to 65 0N),

5. Davis St'ait sill 'a.bout 65"N to 6 N),

6. Southern Baffin Bay (about 67*N to 711N),

7. Central Baffin bay (about 71'N t, 75'N), and

8. Northern Baffin Uay (about 75ON to the Carey Islands).

Oceanographic conditions changed ma.kedly within and betwren several of
these regimes. The Labrador Sea gyre and the West Greenland Current
were separated by a strung oceanographic 1ront extending to &t least
500 m depth. The northern Libridor Sea transition zone was even more
complex oceanographicai.y than the primary OPARPA. !n this region, the
Baffin Land Current obliterated surface effectý of the West Greenland
Current and caused West Greenland Currint Water (WSG'd) to sink. Sinking
WGCW and NACW oblitrated boluses of Baffin Bay Deep Water (BBDW)
descending fro'm the Davis Strait sill. In addition, tidal effects in
the relatively shallow water suuth of Davis Strait induced formation
of internal waves along the horizontal front markirg the bottom of the
Baffin Land Current Water (BLCW) layer. In southern and central
baffin Bay, the uphe." 200 h were dominated by BLCW. However, oceano-
graphic conditions below about 300 m were quite variable due to mixing
of the northerly flowing WGCW core with extremely coid, dilute BBDW.
Just south of the Carey Islands, BLCW and BBDW disappeared And were
replaced by more saline trctic Water.

(C) During Phase 111, data were adequate to examine sound velocity
variations at two stations along the station B to Carey Islands track.
At station E in the center of the Labrador Sea gyre, the depth of the
DSC axis varied between 40 and 80 m and coincided with the LCW tempera-
ture minimum. Sound velocity at the axis varied between 1460.9
and 1467.1 m/sec (6.2 n/see). This relatively large variation ir the
stable Labrador Sea gyre was caused by intrusions of WGCW into tF.e
gjre. At -tation Q-3 immediately south of the Davis Strait sill, the
DSC aIis again varied between 40 and 80 m, but coincided with the very
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cold BLW core. Sound velocity at the axis varied between 1443.2 and
1451.1 m/sec (7.9 m/sec). This variation is of the same general
magnitude as the maximum variation found in the primary OPAREA
(9.5 m/sec at station D during Phase I). About half of the variability
in DSC structure at station Q-3 probably was caused by internal waves.
The other half apparently resulted from intrusions of WGCW'into the
Baffin Land Current. Below the DSC axis, sound velocity profiles at
station Q-3 displayed frequent perturbations caused by mixing of WGCW,

* NACW, and BBDW. At both stations, depth excess was adequate for
convergence zone propagation from a near-surface source.

(C) A mixed layer occurred between 10 and 50 in on most profiles
along the station B to Carej Islands track. This layer reached
maximum development in southern Baffin Bay, where a positive sound
velocity gradient of about 0.8 m/sec/m occurred in the upper 20 m.
This strong gradient was caused by a temperature maximum imbedded
in an extremely strong halocline. The depth of the DSC axis varied
from 180 m near station B to about 40 m at several locations north of
the Davis Strait sill and coincided with a temperature minimum in
the LCW, BLCW, or Arctic Water core over most of the track. The
relatively constant depth of the axis along the track (variation of
only 140 m) indicates that this parameter generally corresponded to
the maximum depth of summer warming in the region northwest of the
primary OPAREA. Sound '.'-Elitv at the DSC axis varied from 1473.8 m/sec
in the West Greenland Current to 1440.2 m/sec in central Baffin Bay
(33.6 m/sec). In the intense transition zone sooth of Davis Strait,
this parameter varied 20.9 nm/sec over a distance of about 155 rim. This
latter variation is about twice the magnitude of the maximum variation
found at any single station in the primary OPAREA and about two-thirds
that found over the track as a whole. Such a phenomenal amount OF
variation can only be caused by intensive mixing between several water
masses. About half of this mixing probably was induced by irternal
waves. Critical depth generally shoaled to the north from 1250 m
near station B to 100 it south of Davis Strait. Over the Davis S.rait
sill and in southern Baffin Bay, critical depth remained relatively
constant (140 to 240 m) and generally corresponded to the horizontal
front marking the bottom ot the BLCW layer. In central Baffin Bay,
critical depth increased to a maximun of 920 m as a Yresult of higher
sound v.:locit'es in the near-surface layer and thi effects of extremely
cold, di-ute BBDW. South of the Carey Islan.s, critical depth shoaled
to 250 m. Depth excess along most of the tracl was adequate for
convergence zone propagation f a near-surface source, except just
south of the Carey Islands and over the shallow Davis Strait sill.
The intense oceanographic transition zone south of Davis Strait and
the shallow sill depth of this strait may preclude meaningful under-
water sound transmission between the LabrAor Sea and Baffin Say during
suamer.
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CONCLUSIONS

1. (U) The general oceanography of the NORLANT-72 area is more
complicated than in most of the North Atlantic Ocean. This leads to
complex and variable sound velocity structures throughout much of the
exercise area.

2. (U) Sound velocity profiles calculated from XBT temperature
traces and historical salinity profiles using Wilson's equation
generally agree well with measured sound velocity profiles.

3. (U) T-7 XBTs (maximum depth of 760 m) are excellent sampling
devices for the NORLANT-72 area owing to the relatively shallow DSC
axis. However, more salinity profiles collected during the exercise
would have simplified sound velocity analysis.

4. (C) Sound velocity profiles are most complex and variable
in the primary OPAREA (50°N to 55°N between 441W and 491W) and in the
region just south of Davis Strait. A similar situation would be ex-
pected south of the Denmark Strait sill.

5. (U) In the primary OPAREA, sound velocity variability is
related to the position of the meandering Subarctic Convergence that
separates the relatively warm, saline North Atlantic Current gyre from
the colder, less saline Labrador Sea gyre. The Labrador Sea gyre is
far more stable oceanographically than the North Atlantic Current
gyre.

6. (U) South of Davis Strait, sound velocity variability is
related to mixing between the West Greenland Current and the Baffin
Land Current in the upper 200 m. Below this depth, mixing of North
Atlantic Central Water with Baffin Bay Deep Water boluses also causes
substantial variations in sound velocity structure. Sound velocity
profiles south of Davis Strait are even more complex and variable
than those in the primary OPAREA.

7. (U) Temporal and spatial variability appear to be equally
significant in controlling DSC structure throughout the NORLANT-72
Exercise area.

8. (C) Depth excess is adequate for convergence zone propagation
from a near-surface source throughout most of the exercise area during
NORLANT-72, Exceptions to this general rule occur over the Grand Banks
Continental %lope, over the crest of the Reykjanes Ridge, 3cross the
s$ils of Denmark and Davis Striits, and in northern Baffin Bay.

9. (C) The shallow sill depth of Davis Strait and the intense
oceanographic transition zone in the northern Labrador Sea may preclude
Lm aningful sound transmission between the Labrador Sea and Baffin Bay

during sumer.
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10. (C) Because of its location astride the meandering Subarctic
Convergence, the primary OPAREA does not appear to be an optimum site
for summer acoustic exercises. This also applies for station B
situated just north of this front during most of the NORLANT-72
Exercise. A better location for summer acoustic exercises would be
at about 560N, 45VW in the relatively stable Labrador Sea gyre where
sound velocity profiles should be much less complex and variable.

9 I
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